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This research articulates the development of a vibration-free concrete for slip-form 
paving enabling a simple and rapid construction process. To achieve this, properties such 
as rheology including thixotropy, shape stability, and workability loss with time are mainly 
investigated. Concrete mixture with high thixotropic strength and its shape holding ability, 
flowability, and workability retention with time is evaluated. This study consists of two 
phases: (1) selection of paste component from rheology of cement paste incorporating 
various micro- and nano- sized particles (2) study of fresh properties of concrete mixtures 
using the excess paste layer concept.  
From the cement paste study, it has been concluded that the structural build-up 
method provides a better understanding to assess the thixotropy development. A water-to-
binder (w/b) ratio of 0.35 and PCE based superplasticizer were selected. The results 
showed that materials such as silica fume, slag and attapulgite clay are considered effective 
binder materials showing higher thixotropic build-up compared to other materials.  
In the development of VFC, on decreasing the paste layer thickness, the workability 
loss increases and thixotropy development decreases significantly, which can mostly likely 
be attributed to the dispersing admixture. The binary concrete mixtures incorporating 
attapulgite clay showed low workability loss resulting consistent thixotropic buildup in 
early and extended time period. The ternary mixture with slag and attapulgite clay showed 
high thixotropic buildup suitable for the early and extended transportation time. The dosage 
of superplasticizer controls the workability loss but also affects the structural build up rate 
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1. INTRODUCTION
1.1 BACKGROUND 
In today’s developing transportation and infrastructure world, concrete 
roadways and pavements construction methods yielding faster, more durable and more 
economical pavement have always been widely appreciated by federal and state 
transportation authorities (or concrete paving industry). For instance, larger scale 
projects require accelerated construction processes in order to be profitable or to reduce 
negative economical impacts caused by traffic delays. Slip form paving originated in 
the 1940s in the Midwest, with production rates generally in the range of 65-100 m3/hr 
[1]. Due to its higher production rate, lower labor requirement, and economy, compared 
to conventional fixed-form paving, it has been widely acclaimed as an efficient 
construction method in the modern concrete paving industry. Slip form pavers differ 
from conventional fixed form pavers as no fixed forms are required because slip form 
pavers have side forms moving with the machine.  
Slip form paving is a continuous extrusion type process simultaneous involving 
the placement, consolidation, and finishing of fresh concrete. As shown in Figure 1.1, 
an auger spreads the pile of concrete in front of the strike off plate and the strike off 
plate bring the slab to its desired thickness or elevation by removing excess concrete. 
Then, concrete is consolidated by a series of vibrators (Figure 1.2) and a tamper forces 
large aggregate particle into the slab to prevent them from striking out from the surface. 
Finally, a slip form mold consists of a profile pan and a side form to level off the slab 
and to produce a finished surface. In this process, a concrete mixture is used with slump 
value less than 50 mm. Due to the lower workability of the mixture, an extensive 
amount of vibration energy is required to remove entrapped air during consolidation of 
the concrete. The vibration energy needs to be maintained to control the air void system 
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in order to provide resistance to freezing and thawing. The position of the vibrators, 
one next to another, is specific to overlap their influence zones by 50-75 mm [2]. 
Figure 1.1 Slip form equipment setup [3] 
Figure 1.2 Vibrators on the underside of a paving machine [4] 
However, an improper setting of the vibration frequency leads to over-consolidation or 
insufficient consolidation of the concrete mixture and poor influence zones [2], [5]. The 
poor influence zones are observed as longitudinal trails along the finished pavement, 
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which are also called vibrator trails, as shown in Figure 1.3, spaced similarly to the 
vibrators spacing in the machine. This may also lead to a decrease in the entrained air 
content, as well as an increase in bleeding and segregation which may cause cracking 
along the vibrator trail under heavy traffic load [6]. In addition, a decrease in air content 
of fresh concrete makes hardened concrete susceptible to reduced freeze-thaw 
durability and scaling of pavement [5]. The scaling is also amplified by the action of 
the tamper, placed next to vibrators, due to its purpose to force the coarse aggregate 
below the surface and as such creating a mortar-rich surface [7]. 
Figure 1.3 Longitudinal vibrator trails [4] 
To eliminate such problems, a concrete mixture requiring no vibration energy 
should be sufficiently flowable during the placement process and have stable shape 
after the extrusion process. Recently, large scale studies of the feasibility of a new type 
of self-consolidating concrete (SCC), or slip-form SCC (SFSCC), have been conducted 
by Iowa State University and Northwestern University. 
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1.2 WHAT IS SLIP-FORM SELF-CONSOLIDATING CONCRETE (SFSCC)? 
The concept of SFSCC was originated from the development of SCC mixtures 
suitable for the slip form paving. SCC has gained a significant amount of interest from 
precast and cast-in-place construction industry due to its excellent flowability, stability 
(segregation and bleeding resistance), high production capacity and improved concrete 
surface quality. Wang et al. [8] indicated that flow behavior of SFSCC is between 
conventional slip form concrete and SCC. Conventional slip form concrete has good 
shape stability with less workability whereas regular SCC has excellent flowability with 
no shape stability. From the slump test results, it has been observed that potential 
SFSCC mixtures has slump value of approximately 200 mm and slump flow value is 
about 325-375 mm. Pekmezci et al. [9] indicated that SFSCC has the ability to self-
consolidate and hold its shape with minimal consolidation energy. Moreover, in order 
to achieve the two conflicting phenomena of flowability and shape stability, concrete 
with acceptable stiffness and green strength has been developed [8]. Green strength is 
defined as the maximum stress that a fresh concrete can sustain until collapse. In a 
feasibility study for SFSCC [8], the rheological response of mixtures with various fine 
minerals (e.g. nano-clays), supplementary cementitious materials (SCMs) or chemical 
admixtures were studied to evaluate the workability and green strength development of 
SFSCC. It has been observed that rheological properties play a significant role in the 
follow-up study [10] for the selection of materials, the mix proportioning and 
understanding the flowability and green strength of SFSCC. In addition, to further 
validate the performance of the developed SFSCC, hardened properties should be 
comparable to those of conventional slip form pavement concrete in terms of strength, 
durability, and sustainability. The results indicated that properties such as heat of 
hydration, porosity, rapid chloride ion permeability and freeze-thaw durability were 
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comparable to those of conventional concrete, while properties such as compressive 
strength and shrinkage were more elevated than for the conventional concrete [10].  
The field implementation conducted by Wang et al. [10] shows that SFSCC can 
be prepared in a batching plant. Wang et al. [10] proposed that modifications in the 
paver machine during the placement and extrusion process are required for the proper 
distribution of the SFSCC mixture along the width, and a horizontal leg to mold and 
hold the fresh concrete mixture for a sufficiently long duration until it develop adequate 
green strength. The field implementation study also shows on-site modifications of 
water and high-range water reducer (HRWR) agent to achieve target workability. This 
may be necessary to reduce a loss of workability with transport time and the influence 
of addition of other rheology-modifying agents. Thus, a focus of this research is to study 
the time dependent characteristics such as green strength development which can also 
be related to thixotropy development [8] and workability loss, to achieve a better 
understanding to develop concrete mixtures suitable for slip-form paving application.  
 
1.3 OBJECTIVES 
The final goal of this research project is to develop a vibration-free concrete 
(VFC) with balanced flowability and shape stability (green strength) for slip form 
paving without any consolidation energy. In the development of VFC, flowability, 
thixotropy, structural buildup, and workability loss will be focused upon, to assess the 
suitability of the mixture. Detailed objectives of the research are explained below: 
• To investigate the influence of w/b ratio, superplasticizer (SP) type, SCMs and 
mineral fillers on factors such as instant structural build-up, high thixotropy 
rate, and workability loss in cement paste. 
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• To investigate the influence of excess paste layer thickness, binder materials
and SP consumption on slip-form paving performance-based characteristics.
While assuring a slump flow of 500 ± 50 mm to ease the concrete placement
process with low workability loss and its immediate shape holding ability where
fresh concrete can sustain its self-weight without any formwork support in slip-
form paving.
• To obtain a correlation between static yield stress measurement and green
strength test using Roussel and Coussot model.
1.4 SCOPE OF THESIS 
This thesis is divided into four sections. Section two describes the rheology of 
the paste component of VFC including previous experimental work, the influence of 
mineral and chemical admixture on the rheology of paste and concrete component of 
SCC and SFSCC, the materials and experimental program adopted in this research task, 
and the analysis and conclusions. Similarly, section three focuses on the fresh properties 
of VFC. Section four discusses key hardened properties studied in this project. Section 
five concludes this thesis, providing a summary of important findings and 
recommendations for future work.  
1.5 RESEARCH SIGNIFICANCE 
It can be observed from the field application [10] of SFSCC, on-site 
modifications in mix proportion were conducted in order to achieve the targeted 
workability of the mixtures. This modification required due to loss of workability is 
difficult to control. For instance, in one of the field applications (bike path at the south 
4thstreet, Ames, IA), even though after on-site addition of HRWR admixture and water, 
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the workability of mixture did not meet the selected criteria when the paving was 
executed [10]. This may have led to less consolidation and air entrapped at surface as 
mentioned by Wang et al. [10]. Moreover, the authors also recommended studying 
different admixtures to maintain or increase the yield stress to improve green strength 
as well as to provide better flowability during the extrusion process. 
Hence, in this research, the development of a concrete mixture with high 
thixotropic strength and its shape holding ability, flowability, and workability retention 
with time imitating transportation and delivery practices will be determined. In 
addition, for a given application, this research can provide the understanding of the 
rheological properties of cement paste incorporating micro- and nano- sized particles 
and a new methodology to measure and quantify thixotropy.  
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2. PASTE COMPONENT OF VIBRATION-FREE CONCRETE (VFC) 
  This section describes briefly how the rheological parameters relating to the 
flowability and shape holding ability are important in the selection of constituent 
materials of SFSCC. In recent years, modifications in rheology, including thixotropy 
and structural breakdown of SCC, have been identified as effective parameters to obtain 
properties and characteristics required for the proposed application. For a slip form 
paving process, concrete mixtures with limited flowability and high green strength 
development, the yield stress can be related to the shape stability of concrete in a 
moving slip form [10]. During the mixing process, i.e. at high shear rates, concrete 
becomes more flowable due to a reduction in yield stress and viscosity. However, 
during the extrusion process, i.e. at low shear rates, concrete becomes less flowable and 
can develop green strength due to its thixotropic nature [8]. The thixotropic behavior of 
concrete has a significant role in the green strength development process. Therefore, 
rheological properties such as the steady state flow curve (dynamic properties) and 
thixotropy are mainly discussed. 
 In the subsequent sections, a literature review on measuring procedures for 
rheological properties and the influence of paste components on rheological properties 
is provided. Furthermore, the adopted experimental program and the obtained results 
are discussed in detail.  
 
2.1 EVALUATION OF RHEOLOGICAL PROPERTIES  
This section discusses the fundamentals of flow curve and thixotropy, and 
measurement techniques involved in obtaining those.  
2.1.1 Flow Curve.  The flow curve is an important measurement to understand 
the flow behavior of the material. The flow curve of a liquid material is obtained by 
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plotting shear stress versus shear rate [11]. A viscosity curve can also be plotted from 
these same data as a function of shear stress or shear rate. Typical flow curves of 
different types of fluids are shown in Figure 2.1.  
Figure 2.1 Typical flow curves of different fluids [12] 
Cement paste or concrete materials are generally expressed by means of Bingham 
model in equation (2.1) i.e.
τ = τo + µ𝑝𝑝γ̇ (2.1) 
Where, τ = shear stress (Pa) 
τo = dynamic yield stress (Pa) 
μp = plastic viscosity (Pa s) 
γ̇ = shear rate (s-1) 
The dynamic yield stress can be simply defined as the minimum stress to 
maintain or initiate flow and plastic viscosity is defined as the resistance to flow once 
the yield stress is exceeded. Therefore, the flow curve is typically plotted to calculate 
the dynamic properties of a liquid. The flow curve or viscosity can be determined by 
increasing or decreasing the shear rate and calculating the corresponding shear stress, 
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or vice versa. From the flow curve measurements, the values of the rheological 
parameters, dependent on the model employed, can be derived as a function of the 
rheometer geometry. As there is no standard procedure available to conduct rheological 
measurements, it is crucial to set shear rate wisely, corresponding to the shear rate the 
material will be subjected to in practice. Careful study of the limitations of the 
rheometer, its geometry, and each rheological model, should be conducted prior to the 
measurement and analysis of rheological data.  
2.1.2 Thixotropy.  Thixotropy can be defined as a decrease in viscosity under 
constant shear stress or shear rate while recovering the viscosity after the removal of 
shear stress or shear rate [13]–[19]. More details about thixotropy can be found in 
review articles [13], [20]–[22]. Thixotropic behavior exists in heterogeneous materials, 
cement paste is one of the examples. In cement paste, once cement particles come in 
contact with the water, flocs form rapidly and lead to the formation of a three 
dimensional networked structure [23]. During shearing, the flocs are broken and 
viscosity of the cement paste is decreasing. On the other hand, at rest, the (re-)formation 
of these flocs and consequent internal structure leads to a rebuild and viscosity of the 
cement paste increases with time. This reversible build-up of internal structure due to 
(de-)flocculation of cement particles is significant in cement particles with size up to 
40 µm, according to J.E. Wallevik [24]. However, the reversible nature of cement pastes 
or concrete influenced by an additional time-dependent action i.e., hydration process. 
In other words, the reversible nature of cement or cementitious particle tends to 
decrease with time due to formation of a permanent structure. This formation of 
permanent connections due to strong flocculation or chemical reactions is referred to as 
workability loss [25], [26]. Overall, because of the change in microstructure due to (de-
)flocculation and change in cement phases and products due to hydration with time, the 
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physical characterization of thixotropy of cement solely is difficult to perform with 
extended resting time.  
A simple physical description of thixotropy was developed by Coussot [27] by 
means of an energy well concept as shown in Figure 2.2. In figure (a), cement particles 
are held together in a position with the smallest potential energy. When a small amount 
of external energy is applied to the materials or the suspension, the particle will move 
back to its original position, corresponding to elastic solid behavior. That is if ΔE is 
insufficient to move the particle outside the energy well as shown in (b). Whereas, when 
higher external energy, higher than the threshold value is applied, the particle will leave 
the energy well, as shown in (c) and flow will occur. For thixotropic behavior of 
cementitious materials, at rest, the depth of the energy well or the energy required to 
move the particle out of the well, increases with time due to Brownian motion, colloidal 
interactions, and the hydration mechanism. At last, as shown in figure (d), the depth of 
energy well varies with time due to thixotropy effect.  
 
 
Figure 2.2 A simple physical description of thixotropic yield stress 
behavior of cementitious materials [27] 
 
Ferron et al. [16] described the structural buildup phase as follows: In 
cementitious materials, structural buildup is directly related to reversible structural 
changes from thixotropy and irreversible structural changes due to hydration process 
and age of specimen. A significant buildup in structure was observed from hysteresis 
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loop measurements with increased resting time [16]. The particle size of cementitious 
materials is also an important factor in understanding of thixotropy and workability 
loss. The distinction of thixotropy, workability loss, and structural breakdown based on 
cement particle size is explained by J.E. Wallevik [24].  
2.1.2.1 Measurement techniques.  This part will give an overview of the most 
common methods used to measure thixotropy of cementitious materials. 
2.1.2.1.1 Stepwise change in shear rate or shear stress.  In this method, the 
sample is subjected to stepwise changes in shear rate or shear stress until the steady 
state or equilibrium state is reached [21]. Khayat et al. [17], [28]–[31] developed this 
method, also known as the structural breakdown area method, where variations of shear 
stresses over time were obtained at a given set of rotational speeds. The thixotropy is 
quantified by the difference between the maximum initial stress and shear stress at 
equilibrium for a given time duration. This difference of initial stress and equilibrium 
stress is an indication of the magnitude of structural modifications inside the material, 
as suggested by Lapasin et al. [32]. In this method, the initial peak yield stress (τi) 
corresponds to the initial structural condition and, with maintained shear rate, the shear 
stress decreases with time reaching equilibrium (τe). The structural breakdown area (Ab) 
is the area covered between initial stress values and equilibrium stress values for 
different rotational speeds, as shown in Figure 2.3. Ahari et al. [33] also used the 
structural breakdown area method to evaluate thixotropic properties of SCC mixtures 
containing various supplementary cementitious materials. In this method, two varying 
parameters, namely time and shear rate provide good understanding in analyzing 
thixotropic models [15], [21]. However, the value of the breakdown area has no 
physical meaning and the result is dependent on the measurement procedure employed 
[15].  
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Figure 2.3 Determination of breakdown area obtained by initial torque 
responses at each rotational velocity and the equilibrium torque 
values [17] 
2.1.2.1.2 Hysteresis loop curve.  One of the more popular ways to quantify   
thixotropy of cement paste is to conduct a hysteresis loop test. In this method, a 
hysteresis loop is formed by increasing the shear rates and decreasing the shear rates as 
shown in Figure 2.4. The area enclosed by both the up and the down curve, as shown 
in Figure 2.5 relates to the energy required to break the flocculated structure and to 
measure thixotropy [13], [18], [21], [22]. However, the area and shape of the loop can 
vary significantly according to the material, shear history, and procedure [13], [15], 
[21], [22].  
Roussel [18] stated that this method does not provide an intrinsic value of any 
physical rheological parameter. Barnes [13] and Mewis [21] also mentioned that the 
test procedure and response are both based on the chosen time and shear rate, making 
the outcome dependent on the procedure. More uncertainties and inaccuracies of 
hysteresis loop method have been explained in detail in [13], [15], [18], [21], [34]. 
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Figure 2.4 Shear rate history for hysteresis loop curve test [10] 
 
 
Figure 2.5 Cement paste hysteresis loop [10] 
 
2.1.2.1.3 Static yield stress measurement.  Thixotropy can be easily assessed 
by the increase in static yield stress with resting time due to build-up of structure in the 
material [15], [18], [22], [35]. To understand the influence of thixotropy on formwork 
pressure, multi-layer casting, and static stability, Roussel [18], [36] indicated that 
flocculation at rest is more important than de-flocculation under flow. Billberg [22] 
introduced a unique method to determine thixotropy of SCC by measuring the dynamic 
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rheology (flow curve) before and after the resting period and measuring static yield 
stress in every 10 min interval. This method separates the irreversible loss of 
workability from reversible thixotropic behavior. This phenomenon can also be 
explained by means of Figure 2.6 [22]. The static yield stress increases linearly under 
a resting condition, whereas the dynamic yield stress showed negligible change. Similar 
behavior was also observed by Ovarlez and Roussel.  
This linear increment in static yield stress of cement paste and flowable concrete 
is transformed into a simple equation by Roussel [18], in which, at rest, shear rate is 
zero and the growth of the apparent yield stress is according to the following equation 
(2.2). 
Figure 2.6 Linear increment in static yield stress over a time under a rest 
[22]
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τ = τ0 + Athix ∙ t (2.2) 
Where, τ = shear stress (Pa) 
τ0 = static yield stress (Pa) Athix = characteristic time for structuration of cement paste or concrete (Pa/s) t = time (s) 
2.1.3 Summary.  In this section (Section 2.1), a brief background of thixotropy, 
workability loss and different measurement techniques to measure these properties was 
described. Thixotropy is the reversible nature of a material to deflocculate under shear 
and flocculate at rest. In cement paste or flowable concrete, the pure reversible nature 
of thixotropy, thus avoiding non-reversible aspects, is only visible for a relatively short 
duration after initial contact between cement and water. However, the evaluation of 
thixotropy is influenced by structural breakdown and workability loss with longer 
intervals or longer resting time due to the hydration process. Thus, the measurement of 
thixotropy of cement-based materials is significantly influenced by its microstructure 
changes induced by the shear history and hydration mechanism.  
The three most commonly used techniques for measurement of thixotropy of 
cement-based materials were discussed. Firstly, applying a stepwise change in the shear 
rate was employed by Khayat and associates. However, the outcome is dependent on 
measurement parameters such as time of rest and difference between the rotational 
velocities. Secondly, the hysteresis loop method, one of the fastest and easiest 
measurement procedures, quantifies thixotropy by breakdown area. On the other hand, 
it is often dependent on shear history protocol. This might lead to erroneous and 
inconsistent interpretation of the data.  
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Thirdly, the structural buildup method, developed by Roussel and Billberg 
provides a better and simplified meaning of thixotropy, as it is characterized as an 
increase in static yield stress during rest. The influence of viscosity in the measurement 
process is considered negligible due to the very low shear rate applied. This method has 
been applied to study the influence of thixotropy on multi-layer casting and formwork 
pressure. On the other hand, as shape stability is required, the concrete mixture must 
develop a sufficiently high yield stress shortly after placement, to ensure it can 
withstand the stress generated by its own weight. Sufficient fluidity and high thixotropy 
are thus simultaneously required. 
In this research, the development of a concrete having an excellent balance 
between the flowability during the placement and shape stability after the extrusion 
process without any consolidation energy is intended. In rheological terms, this can be 
reflected as follows: a mix with low initial yield stress to ease the placement procedure 
and significant thixotropic development shortly after the placement, to hold its own 
weight and shape is required. Thus, structural buildup determined with the increase in 
static yield stress method is an effective way to measure thixotropy and will be used for 
the selection of paste components for the VFC. More details about the measurement 
procedure are given in section 2.4. 
2.2 INFLUENCE OF CONSTITUENT ELEMENTS ON RHEOLOGY 
      INCLUDING THIXOTROPY 
In this section, factors affecting the rheological properties of concrete 
are discussed in detail. The rheology of fresh concrete is mainly influenced 
by its constituent materials. In SFSCC, the thixotropic behavior of concrete has a 
significant role in the green strength development progress. It is well established 
in the literature that the rheological properties, including thixotropy, are strongly 
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dependent on a large number of factors, including cement content and binder 
composition [17], [37], water/binder (w/b) ratio [35-37], aggregate type and 
content [40] and the type and dosage of HRWR [38], [41] VMA [31], [42] or other 
chemical admixtures. Tattersall and Banfill [43] reported that the cement 
characteristics such as the packing density, fineness, and chemical composition have 
a significant role on thixotropy. All chemical admixtures, as well as a large number of 
supplementary cementitious materials, were reported to affect the rheological 
behavior of cement-based systems [33], [37], [44]. In addition, the influence of clays 
and nanoparticles on the rheological properties was also investigated recently [42-45]. 
Thus, for further selection of materials in the research task focusing on cement 
paste, it is very important and valuable to review previous studies focused on 
modifying the rheology by the incorporation of various mineral fillers and 
chemical admixtures. 
2.2.1 Effect of Water to Binder Ratio (w/b).  Topcu and Uygunoglu [38] 
investigated effect of different binders with varying w/b ratio and superplasticizer 
(SP) content on yield stress of self-consolidating mortar. They reported that yield 
stress decreases and flowability increases with an increase in w/b ratio and SP 
content. Billberg [22] has also reported that with an increase in w/b ratio from 0.34 
to 0.42 the structural build-up, i.e. consequences of thixotropy, decreases by 
almost 80%. He mentioned that w/b ratio is related to the particle concentration 
and decreasing w/b lowers the interparticle distance, resulting in quicker structural 
build-up. Furthermore, Rahman et al. [37] stated that thixotropy increases with an 
increase in binder content when sand and coarse aggregate content is low. Also, w/b 
ratio influences the average distance between the particle and their interaction 
level, leading to increase in thixotropy with decrease in w/b ratio. Roby [49] 
indicated that an increase in w/b ratio increases the lubrication of cement paste and 
decreases the cohesiveness of the mixture. 
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Assad and Khayat [39], [50] further stated that mixtures with higher w/b ratio and lower 
coarse aggregate proportion show a reduction in internal friction and increase the 
mobility of the mixture, yielding higher initial lateral pressure and slower thixotropy 
development. Thus, it is obvious that on increasing w/b ratio, thixotropy of concrete 
mixture decreases.  
2.2.2 Effect of Cement Properties.  According to Nunes et al. [51], the 
workability is influenced by different cement deliveries and cement-superplasticizer 
interaction should be studied for different cement deliveries in SCC mixtures. The 
authors further mentioned that changes in rheological properties are mainly caused by 
differences in cement fineness and the sulphate amount of cement. Juvas et al. [52] 
reported the workability of mortars with superplasticizer is substantially more sensitive 
than for mortars without superplasticizer. Quanji [53] stated that cement pastes with 
high alkali content yield faster structural rebuilding rate potentially due to the increase 
in bond strength of particles by the pore solution chemistry. Also, it enhances prismatic 
crystal formation ability which enhances interlocking of microstructure and increases 
the structural rebuilding rate.  
2.2.3 Effect of SCMs and Mineral Fillers.  A small addition of nanoclay, 
which is a thixotropy enhancing material, has the ability to improve thixotropy [54] and 
shape stability [9], [45] of SFSCC.  Wang et al. [10] studied the thixotropy of cement 
paste with an increase in attapulgite clay (0.5%, 1%, 2%, 3%), a nanoclay, using a 
hysteresis loop method. Results showed that increasing the amount of attapulgite clay 
increases thixotropic development with time. The addition of attapulgite clay also 
increased thixotropy of cement paste combined with fly ash or in presence of HRWR 
or AEA (air-entraining agent). Ferron et al. [16] mentioned that nano-sized particles 
create a more stable microstructure in concrete and work as a filler material by filling 
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the gaps between the cement particles. Quanji et al [47] showed that increase in dosage 
of attapulgite clay not only increased the yield stress and viscosity but also enhanced 
the thixotropy with time. This study also confirms the beneficial effect of nanoclay on 
thixotropy and the effective relationship between flow percent reduction and structural 
rebuilding of cement paste. It was concluded that the optimum dosage of nanoclay for 
the effective thixotropic behavior would be a 1.3% addition by mass of cement [47]. 
Many researchers attributed the influence of nanoclay on improvement of thixotropy 
due to its surface charge [47], ability to absorb water [47], irregular microstructure [54], 
smaller size [16], [47] and specific surface area [16]. However, Kawashima et al. [46] 
reported that nanoclay has immediate effect on thixotropy due to flocculation 
mechanism but, this effect diminishes over a time. 
Hassan et al. [55] compared the influence of metakaolin (MK) and silica fume 
(SF) on the rheological properties of SCC. Their results indicated that the replacement 
of metakaolin (up to 25%) increased the plastic viscosity and yield stress significantly 
by 2.4 times and 3.2 times of the reference mixture respectively (at a constant HRWR 
dosage 3460 ml/m3). They also reported that 8% SF had less effect on viscosity but, 8% 
SF had more influence on yield stress compared to 8% MK. Topcu and Uygunoglu [38] 
investigated the factors affecting the yield stress of self-consolidating mortar such as 
the addition of mineral additives, the water-to-binder (w/b) ratio, and the dosage of 
chemical admixture. Their results showed that when increasing the w/b and increasing 
the superplasticizer (SP) content, the yield stress decreased in self-consolidating 
mortars containing different mineral additives (limestone powder, waste marble 
powder, brick powder). Güneyisi and Gesoğlu [44] investigated the influence of binary 
and ternary mixtures using fly ash (FA) and MK on the rheology of self-compacting 
mortar. The addition of MK enhanced the viscosity while FA decreased the viscosity. 
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They also mentioned that combination of both FA and MK can be modified to achieve 
required yield stress and viscosity. The cement pastes studied by Wang et al. [8] showed 
that fly ash (class C and F) decreased the yield stress and viscosity compared to a 
mixture with 100% cement, whereas 30% slag replacement increased both the viscosity 
and yield stress. Rahman et al. [37] studied the thixotropic behavior of SCC containing 
mineral additives and SCMs such as limestone powder (LSP), silica fume (SF), and fly 
ash (FA) by means of the static yield stress method proposed by Roussel [18]. They 
found a significant increase in thixotropy (Athix) with an increase in the amount of fly 
ash amount from 5% to 10% whereas silica fume showed the opposite trend. LSP had 
less impact on thixotropy. All binary mixtures in the study [37] showed higher 
thixotropy index than the reference SCC mix because of higher fineness and 
structuration rate.  
Rahman et al. [37] further showed that Athix can be used to determine the 
suitability of mix designs for particular SCC applications. SF mixtures could be applied 
for horizontal construction and FA mixtures could be selected for the construction of 
walls. Assaad and Khayat [17] investigated the thixotropic and rheological properties 
of SCC using silica fume (SF), fly ash (FA) and blast furnace slag (BFS). They reported 
that binary (PC + SF), ternary (PC + SF + FA) and quaternary systems 
(PC+SF+BFS+FA) showed lower plastic viscosity and higher thixotropy values 
compared to plain SCC mix during the initial 30 min. Later, after re-mixing a decrease 
in thixotropy was noticed in the quaternary mixture until 150 min. They also reported 
that mixtures incorporating more cementitious materials and low aggregate contents 
displayed lower thixotropy values. Lately, Ahari et al. [33] reported that SCMs such as 
FA and MK led to an increase in plastic viscosity irrespective of the w/b ratio, whereas 
SF and BFS led to decrease in plastic viscosity. 
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2.2.4 Effect of Chemical Admixtures.  In this section, influence of chemical 
admixture such as superplasticizer and viscosity-modifying agent on rheology of paste 
and concrete component of SCC is discussed.  
2.2.4.1 Effect of superplasticizer (SP).  There are some research studies 
available regarding the influence of superplasticizer on the development of thixotropy. 
Ore et al. [56] have shown the limited influence of incorporating a water-reducing agent 
on thixotropy. However, Ferron et.al [16] reported that the use of superplasticizer for 
adoption of a lower w/c in pastes is the most effective method to enhance the rate of 
structural build-up. Billberg [22] found that electrostatic hindrance mechanism of 
melamine SP showed more structural buildup than steric hindrance mechanism of PCE 
(poly carboxylate ether)-SP. Adding a HRWRA to enhance workability was reported 
to increase formwork pressure and thus decrease thixotropy [49-50], while for a given 
slump, reducing w/c ratio by using HRWRA developed similar formwork pressure as 
that of concrete made without HRWRA [49-50]. Wang et al. [10] indicated that the 
addition of HRWR and AEA in cement paste made with FA and attapulgite clay 
decreases thixotropy and viscosity. Roussel et al. [36] have indicated that for a 
polycarboxylate-based superplasticizer, by increasing the amount of superplasticizer in 
the mixture, the structuration rate (Athix) decreased. 
2.2.4.2 Effect of viscosity modifying admixtures (VMA).  Viscosity-
enhancing admixtures are mostly used along with a high-range water reducing agents 
to control cohesiveness and increase the stability [59]. The thixotropic behavior of 
cement pastes is related to the interactions between solid particles and the water 
medium containing chemical admixtures such as HRWRA and VMA [37], [51-52]. 
Thixotropic properties were measured by considering the influence of HRWRA and 
VMA combinations on concrete-equivalent-mortar with equivalent fluidity and by 
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using a parallel plate rheometer [41]. Results [41] showed that powder or liquid 
polysaccharide-based VMAs develop greater initial static shear stress needed to 
breakdown the structure after resting time compare to cellulose-based VMA. On the 
other hand, a higher degree of flocculation has been reported in mixtures containing 
combinations of VMA with naphthalene-based HRWRA compared to combinations of 
VMA with polycarboxylate-based HRWRA [41]. In addition, Assaad and Khayat [39] 
indicated that in SCC made with w/b of 0.36 and ternary cement (6% silica fume, 22% 
Class F fly ash, and 72% Type 10 (GU) portland cement), combining cellulose based 
VMA with PCE-HRWRA led to higher thixotropy compared to mixtures containing 
polysaccharide-based VMA and poly-naphthalene sulfonate (PNS) HRWRA.  
Assad and Khayat [31] concluded that combination of cellulose-based VMA 
along with polycarboxylate-based HRWRA increased the degree of thixotropy of SCC 
compared to mixtures containing powder or liquid polysaccharide-based VMA and 
naphthalene-based HRWRA. However, the SCC mixtures containing cellulose-based 
VEA with polycarboxylate-based HRWRA showed a lower rate of increase in 
thixotropy with time due to its fluidity retention property [31]. Van der Vurst et al. [61] 
investigated the influence of four different VMAs (attapulgite clay, diutan gum, corn 
starch, and propylene carbonate) on the robustness of SCC mortars. Their results 
showed that maximum robust yield stress was found in mixtures without VMA and 
mixtures with attapulgite clay. Also, diutan gum had highest plastic viscosity while 
attapulgite clay and corn starch displayed no effect on the plastic viscosity. Helnan-
Moussa et.al [60] presented a semi-empirical procedure to evaluate the structural 
breakdown of fresh cement pastes with different amounts of viscosity-modifying 
admixture (VMA). A stepwise decreasing shear rate sequence has been applied after a 
constant high pre-shear. Results indicated that, beyond a maximum value of VMA, 
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cement pastes form tri-dimensional networks that are significantly flocculated and thus 
show more difficulty to deflocculate by shearing [60]. 
2.2.5 Summary.  Thixotropy decreases with an increase in w/b ratio due to less 
interparticle interactions.  The cement-superplasticizer interaction should be 
investigated for different deliveries or sources of cement. Various SCMs and 
nanomaterials have been used in the past to improve the rheology of SCC mixtures for 
formwork pressure, pumping, cast-in place, and slip form paving applications. The 
physical and chemical characteristics of the incorporated micro- or nano-sized fillers 
play an important role in attributing the influence of materials to the development of 
rheological properties. Nanoclays, such as attapulgite clay, turned out as very effective 
thixotropy enhancing materials having good shape stability and fluidity.  
Material such as fly ash, silica fume, metakaolin and limestone dust show no 
proper trend with thixotropy development, which may be due to factors such as 
different physical and chemical properties of the materials, replacement rate employed, 
intended application, and method or model used for analyzing the rheology of a 
mixture. The performance of SCMs and mineral fillers also changes with the addition 
of different types of chemical admixtures. In general, the study of SCMs and 
nanoparticles is also advantageous for reducing concrete production cost without 
sacrificing its fresh and hardened properties. More details about materials and methods 
can be found in the next section. 
2.3 EXPERIMENTAL PROGRAM 
The workability of vibration-free concrete (VFC) for slip-form paving must be 
close to self-consolidating to ensure a proper compaction and to minimize the entrapped 
air content. On the other hand, as shape stability is required, the concrete mixture must 
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develop a sufficiently high yield stress shortly after placement, to ensure it can 
withstand its own weight. Sufficient fluidity and high thixotropy are thus 
simultaneously required. To minimize material use, as the origin of thixotropy lies in 
the cement paste, and as aggregates are generally considered to amplify the rheological 
properties of the paste, the first task of this research is performed on paste level.  
2.3.1 Materials and Methods.  In this section, physical and chemical properties 
of materials employed, mixture design, and testing procedures are discussed in detail. 
2.3.1.1 Cement, SCMs, and mineral fillers.  The chemical composition and 
physical properties of all materials such as cement, SCMs, and mineral fillers employed 
to investigate their suitability for VFC for slip forming are listed below in Table 2.1. 
2.3.1.2 Dispersing admixture.  Two commercially available dispersing 
admixtures (SP) were employed: one polycarboxylate-based (PCE) having density of 
1.03 g/cm3 and with solid content of 35.2% and one polynaftalene-based (PNS) 
superplasticizer having density of 1.20 g/cm3 with solid content of 55%. The dosage of 
the admixture was varied to assure a mini-slump flow diameter of 300 ± 20 mm. 
2.3.2 Mix Design and Mixing Procedure.  The investigation on the cement 
pastes was divided into two subtasks. For both dispersing admixtures, the influence of 
w/b was evaluated, in absence of any SCM or filler. Consecutively, the PCE dispersant 
and a w/b = 0.35 was retained for the investigation on the SCMs and fillers. 
2.3.2.1 Mix design.  Table 2.2 represents the mix designs evaluated. All cement 
pastes were prepared in a small Hobart mixer. The volume of cement paste produced is 
750 ml for each mixture. The replacement of SCMs and mineral fillers by percentage 
mass of cement can be seen in first column. 
2.3.2.2 Mixing procedure.  All mixtures were prepared in a small Hobart 
mixer. Table 2.3 shows the different steps in the procedure, in which mixing and 
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Na2O - - - 3.28 0.03 0.05 - 0.39 
MgO 2.77 1.46 8.10 7.93 0.43 0.29 0.36 10.30 
Al2O3 3.35 3.53 6.84 17.47 0.81 42.90 40.05 11.60 
SiO2 16.68 17.34 34.69 37.56 96.98 53.45 53.05 63.93 
SO3 3.25 3.40 2.19 - 0.32 0.23 0.52 0.35 
K2O 0.57 0.58 0.37 - 0.73 0.14 0.09 0.65 
CaO 69.01 69.63 45.70 25.33 0.29 0.02 0.02 5.84 
TiO2 0.25 0.26 0.47 1.42 - 2.18 3.21 0.65 
Mn2O3 0.17 0.06 0.74 - 0.01 - - 0.08 
Fe2O3 3.62 3.47 0.55 7.02 0.11 0.56 2.04 5.02 
Specific 
gravity 




15.4 14.5 14.2 13.5 0.35 1.311 0.31 0.31 
1 It should be noted that mean particle size obtained from commercially available data 
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Table 2.2 Mix designs of investigated cement pastes (in grams 750 ml of paste) 
Paste Cement Water SCM Dispersant w/b 
PCE 0.30 1218 365 PCE: 4.4 0.30 
PCE 0.35 1126 394 PCE: 3.0 0.35 
PCE 0.40 1048 419 PCE: 2.0 0.40 
PCE 0.45 979 441 PCE: 1.5 0.45 
PNS 0.30 1218 365 PNS: 12.2 0.30 
PNS 0.35 1126 394 PNS: 8.8 0.35 
PNS 0.40 1048 419 PNS: 4.1 0.40 
PNS 0.45 979 441 PNS: 2.2 0.45 
FA-C 25 838 391 Fly ash: 279 PCE: 1.9 0.35 
Slag 25 836 390 Slag: 279 PCE: 2.6 0.35 
LF 10 1006 391 Limestone: 112 PCE: 2.8 0.35 
SF 5 1062 391 Silica fume: 56 PCE: 4.9 0.35 
MK 25 827 386 Metakaolin: 276 PCE: 11.2 0.35 
Ka 1 1115 394 Kaolin: 11 PCE: 3.6 0.35 
NS 1 1114 394 Nanosilica: 11 PCE: 6.1 0.35 
AC 0.5 1120 394 
Attapulgite  
clay*2: 6 
PCE: 10.7 0.35 
SL 25 – SF 5 774 387 
Slag: 277 
Silica fume: 55 
PCE: 4.0 0.35 
2 It should be noted that the Attapulgite clay is delivered in slurry form. The reported values are the mass of
active ingredient. The added water of the mixture has been compensated for the water in the slurry. The 
amount of water reported is the total amount of water in the cement paste. 
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Table 2.2 Mix designs of investigated cement pastes (in grams 750 ml of paste) cont. 
SL 25 – AC 0.5 830 390 
Slag: 278 
Attapulgite clay: 6 
PCE: 9.8 0.35 
SF 5 – AC 0.5 1055 391 
Silica fume: 56 
Attapulgite clay: 6 
PCE: 23.3 0.35 




Silica fume: 55 
Attapulgite clay: 6 
PCE: 14.9 0.35 
scraping are altered to ensure the homogeneity of the sample. The contact time between 
cement and water is taken as the reference time. The starting time of the rheological 
measurements is relative to this reference time. The dispersing admixture (SP) is added 
in delayed fashion. The desired quantity is determined through preliminary tests, 
evaluating the mini-slump flow for different dosages. 
Table 2.3 Mixing procedure 
Time Duration Action Addition 
-0.5 min 30 s Mixing Dry materials 
0 min 60 s Mixing Water 
1 min 60 s Scraping 
2 min 30 s Mixing 
2.5 min 120 s Mixing SP 
4.5 min 30 s Scraping 
5 min 60 s Mixing 
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2.4 RHEOLOGY 
In this section, the measurement procedures involved in evaluation of 
rheological properties and parameters considered in determination of thixotropy are 
discussed in detail. 
2.4.1 Measurement Procedure.  The rheological properties of the mixtures 
were evaluated with the Anton Paar MCR 302, in parallel plate configuration as shown 
in Figure 2.7. The plates are 50 mm in diameter and are sandblasted to minimize slip 
between the plates and the sample. The gap was maintained at 1 mm, and temperature 
was kept constant at 23°C. The temperature-controlling hood was placed on top of the 
system in an attempt to minimize the evaporation of water from the sample. 
Immediately after mixing and the evaluation of the mini-slump flow, a small sample of 
cement paste is placed on the paste is bottom plate. The lowering of the upper plate 
squeezes the sample in between both plates, filling up all space in between the plates. 
The edges of the plates were trimmed to avoid the edge effects.  
The sample was evaluated using two different procedures: a flow curve, and 
static yield stress measurements at rest. The flow curve is measured by imposing a 
linearly decreasing shear rate with time, ranging from 100 s-1 to 5 s-1 in a 30 s timeframe 
(interval 2 in Figure 2.8). The flow curve is preceded by a 90 s pre-shear period, during 
which the shear rate is kept constant at 100 s-1 (interval 1 in Figure 2.8). This pre-shear 
is imposed to bring all samples to the same reference state (corresponding to this shear 
rate), in an attempt to eliminate the shear history (mixing, placing and rest) from the 
sample prior to the measurements. The flow curve is used to determine the dynamic 
yield stress and plastic viscosity (if the material obeys the Bingham model), or the 
modified Bingham model was imposed in case the sample was severely shear-
thickening. 
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Figure 2.7 Anton Paar MCR 302 equipment 
The static yield stress method is used to measure the thixotropy, but it shows 
sensitivity to the shear history. Yuan et al. [62] investigated the effect of different shear 
rate (0.001, 0.003, 0.005, 0.008, 0.01, and 0.02 s−1) on static yield stress test. The 
authors concluded that 0.005 s-1 is a suitable shear rate for cement paste with and 
without HRWRA. Also, shear rates higher than 0.005 s-1 require less time to reach the 
peak value, potentially disturbing the structure of cement more. However, a low shear 
rate value of 0.001 s-1 requires significant time to reach the peak value and can influence 
the test results [62]. Thus, to determine the thixotropic properties, the sample was 
subjected to a constant shear rate of 0.005 s-1 (exaggerated in Figure 2.8). The 
corresponding shear stress evolution of the sample is monitored over a 60 s time period. 
When the thixotropic properties were evaluated immediately after obtaining the flow 
curve (interval 3 in Figure 2.8), a steady increase in shear stress is monitored. This 
increase in shear stress is a reflection of the thixotropic properties immediately after 
mixing. This thixotropic measurement is then repeated four times at 5 minute intervals, 
each time giving the sample 4 min rest while measuring the shear stress response in the 
5th minute (intervals 5, 7, 9 and 11 in Figure 2.8). For these profiles, as a larger static 
31 
yield stress is developed, the shear stress shows, potentially, a steep slope with time 
until it reaches a peak, followed by a descending curve. The first part of the curve 
corresponds to the elastic deformation, while the peak corresponds to the static yield 
stress: the stress needed to initiate flow after rest. 
The pre-shear prior to the flow curve tests starts at 15 min after contact between 
water and cement. The first flow curve is determined between 16.5 and 17 min, and in 
the 17th, 22nd, 27th, 32nd and 37th minute, the stress response to a very small shear rate 
is determined, as discussed above. The entire procedure: pre-shear, flow curve and 5 
thixotropy tests, is repeated on the same sample, 45 min after contact between cement 
and water. By comparing both flow curves at 15 and 45 min, an indication is given on 
the contribution of workability loss (mainly caused by strong C-S-H connections 
between the particles) to the stress development. Roussel et al. [19] reported that short 
Figure 2.8  Shear rate profile. Interval 1 is the pre-shear, interval 2 represents 
the flow curve. During intervals 3, 5, 7, 9 and 11, the sample is sheared at 
0.005 s-1 during 1 minute (the figure is exaggerated to enhance visibility). 
In between intervals 3, 5, 7, 9 and 11, the sample is at rest. 
3 5 7 9 11 1 
2 
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term (few seconds) thixotropy is due to initial colloidal flocculation while a long term 
thixotropy is due to continuing nucleation process of hydration products. For practical 
applications, the workability loss is less favorable in case of prolonged transportation 
times. Roussel et al. [19] further mentioned that C-S-H nucleation is the main driving 
factor in the development of thixotropy and hydration accelerating materials, such as 
silica fume and limestone filler, can be useful for the production of highly thixotropic 
concrete without any workability loss [19]. In this paper [19], cement pastes were not 
plasticized (paste with superplasticizer or dispersant), which may lead to enhanced 
precipitation of the hydrates and influence the development of thixotropy with the 
hydration accelerating material. However, in plasticized pastes, even in presence of 
hydration accelerating materials, the dissolution of ions and the precipitation of the 
hydration products may be slowed down and may affect the thixotropic build-up. 
2.4.2 Determination of Rheological Properties.  Figure 2.9 shows a typical 
result of the flow curve measurement. The measured torque (T) is expressed as a 
function of the angular velocity (Ω) as shown in equation (2.3) By means of a Reiner-
Riwlin type of equation for parallel plate rheometers, the intercept of the T-Ω curve (G) 
is transformed into the yield stress, and the slope of the curve (L) can be used to 
calculate the viscosity (equations (2.4) and (2.5)).  
T = G + LΩ (2.3) 
𝜏𝜏𝑜𝑜 =  
3𝐺𝐺2𝜋𝜋𝑅𝑅3 (2.4) 





 𝜏𝜏𝑜𝑜 = yield stress (Pa) 
R = radius of plate (m) 
µp = plastic viscosity (Pa s) 
H = gap between the plates (m) 
For the example shown below, the yield stress is 5.1 Pa, and the plastic viscosity 
is 0.72 Pa s at 15 min. The evolution of the obtained (dynamic) yield stress from 15 to 
45 min is used to evaluate the workability loss of the mixture. Figure 2.10 shows the 
typical stress response at a constant shear rate of 0.005 s-1, immediately measured after 
the flow curve. In total, 100 data points are determined in 60 s. The shear stress profile 
shows a continuously increasing shear stress with time, attributed to the restructuring 
of the material under very small shear. The average of the last 10 data points is taken 
as one of the parameters studied: it indicates how much yield stress the sample can 
develop immediately after shearing.  
Figure 2.9 Flow curves at 15 and 45 min for the PCE 0.35 mixture 
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Figure 2.10 Typical result of the increase in shear stress at a constant shear 
rate of  0.005 s-1, immediately after obtaining the flow curve. Result 
shown is for the PCE 0.35 mixture at 17 min. 
Figure 2.11 shows the remaining static yield stress responses. The legend indicates the 
measurement intervals in the rheometer. For intervals 5, 7, 9 and 11, the maximum 
values are considered the static yield stress. The thixotropy is further evaluated by the 
average increase in static yield stress with time (Δτ0,s: static yield stress minus shear 
stress at end of interval 3 / elapsed time since the end of the flow curve), as well as the 
individual value of the 5th interval, corresponding to a 5 min rest (in fact, 1 min at 0.005 












Δτ0,s = the increase of static yield stress (Pa/min) 
 τ0,s,x = the static yield stress measured in interval x (Pa) (x = 5, 7, 9, or 11) 
tx = time at which τ0,s,x is measured (min) 
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Figure 2.11 Static yield stress measurements. The colors represent the 
measurement intervals in the rheometer. Results for the PCE 0.35 mixture 
at 15 min. 
To summarize: the following parameters are used for the evaluation of the rheological 
properties: 
• Increase in dynamic yield stress, obtained from the flow curves between 15 and
45 min, to determine the workability loss
• The average shear stress at the end of the third interval, just after the flow curve,
which corresponds to the immediate development of internal structure.
• The increase in static yield stress over 5 min of rest, taken as the maximum shear
stress value at interval 5 minus the value at the end of interval 3.
• The average increase in static yield stress with time, taken as the average of the
maximum shear stress (minus shear stress at the end of interval 3) divided by
the elapsed time since the end of the flow curve, for intervals 5, 7, 9 and 11.
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2.5 RESULTS AND DISCUSSION 
In this section, influence of w/b ratio, SP type, SCMs and mineral fillers on 
thixotropy and fluidity of cement paste is discussed in detail. 
2.5.1 Influence of Water-to-Binder Ratio and Dispersant Type.  The 
influence of and the dispersant type on the rheology, and in particular thixotropic build-
up, has been investigated based on the first eight mixtures mentioned in Table 2.2. 
Table 2.4 shows the detailed results of all measurements. The first three columns 
represent the flow curve results, in terms of (dynamic) yield stress and viscosity, both 
at 15 and 45 min. The change in dynamic yield stress is an indication of the workability 
loss of the sample. The last three columns are reflecting the thixotropic build-up of the 
pastes. The static yield stress in interval 3 is measured 1 min after the determination of 
the flow curve. The static yield stress increase with time in the following intervals is 
calculated by means of the Δτ0,s in equation (2.6) above.  
The results in Table 2.4 and in Figure 2.12 to Figure 2.14 clearly show, as 
expected, that all rheological properties are directly dependent on w/b, regardless of the 
dispersant type. The lower w/b, the more thixotropic the mixtures are. An efficient way 
to increase thixotropy of cement pastes is to decrease w/b, especially for values of w/b 
below 0.40. In fact, at w/b = 0.40, no significant thixotropy in the pastes has been 
noticed. Regarding the dispersant type, the PNS superplasticizer delivers the largest 
increase in static yield stress in the first minute (Figure 2.14), but in the longer term, 
the increase in static yield stress for the PNS is lower than that for the PCE (Table 2.4, 
Figure 2.14). Furthermore, the mixtures with PNS show a larger workability loss, based 
on the dynamic yield stress obtained from the flow curves (Figure 2.12). This is also 
reflected in a larger static yield stress values for the second measurement (starting at 45 
min), compared to the first measurement (starting at 15 min). In case a long workability 
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Table 2.4 Rheological results for the pastes with different w/c and different 
dispersant type. 
Note that YS stands for the yield stress, ΔYS is the change in dynamic yield 
stress between the 15 and 45 min flow curve measurements. The static yield 
stress in interval 3 is the increase in shear stress (at 0.005 s-1) during 1 minute 



















































































































retention is desired (e.g. in case of long transportation times), this workability loss is 
disadvantageous. To reduce the workability loss, the PCE dispersing agent is selected 
for the next series of experiments. 
Figure 2.13 Static yield stress for interval 3 
Figure 2.12 Increase in dynamic yield stress 
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As thixotropy is largely dependent on w/b, the most logical choice to maximize 
thixotropy would be w/b = 0.30. However, detailed analysis of the static yield stress 
curves learns that the static yield stress does not substantially increase beyond 5 min of 
rest for the mixtures with w/b = 0.30. It appears that the static yield stress plateaus and 
any subsequent increase, especially for the measurements after 45 min, could be 
attributed to the hydration mechanism. This reduction in static yield stress can be 
clearly observed when comparing the last three columns in Table 2.4 The average 
increase in static yield stress over 20 min is approximately 65% smaller compared to 
the increase in the first minute for the PCE 0.30 system. The difference between the 
average increase in static yield stress and the increase in static yield stress in the first 
minute is less than 50% for the PCE 0.35 mixture, indicating a more prolonged increase 
in thixotropic properties (and hydration). The mixture with w/b = 0.35 also has a lower 
workability loss, and therefore, the PCE 0.35 mixture is selected as reference for the 
remaining part of the work on cement-pastes. 
Figure 2.14 Average increase in static yield stress 
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2.5.2 Influence of Supplementary Cementitious Materials and Mineral 
Fillers.  In this section, influence of evaluated binder materials on thixotropy and 
workability loss of paste is discussed.  
2.5.2.1 Binary binder systems.  After the selection of the PCE dispersant and 
the 0.35 water-to-binder ratio, a number of different supplementary cementitious 
materials (SCMs) and mineral fillers were evaluated. Detailed results are presented in 
Table 2.5, and in Figure 2.15 to Figure 2.17. Figure 2.18 shows the SP consumption to 
reach the desired mini-slump flow (as reported in Table 2.2). Fly ash required low 
amount of SP, whereas metakaolin required high amount of SP. From Figure 2.15 it 
can be seen that nearly all added SCMs or fillers cause a less important increase in 
dynamic yield stress compared to the reference mixture, except for the mixture with  
 
Table 2.5 Rheological properties of cement pastes with binary composition 
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3The fly ash mixture showed severe shear-thinning behavior, and the viscosity was approximated as the differential 
viscosity at 50 s-1. Due to irregularity in static yield stress measurement at 15 min, the results are not shown in table. 
41 
Table 2.5 Rheological properties of cement pastes with binary composition (cement + 





















































































slag. It is also noteworthy to state that the mixture with 0.5% attapulgite clay showed 
no increase in dynamic yield stress and a slight increase in plastic viscosity. Comparing 
the increase in static yield stress during the 1st minute for the 15 min test, the reference 
mixture with plain OPC showed the largest increase, while the mixtures with attapulgite 
4 The metakaolin mixture showed severe shear-thickening behavior, and the viscosity was approximated as the
differential viscosity at 50 s-1. 
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clay, silica fume and slag showed similar behavior (Figure 2.16). Limestone filler and 
metakaolin, at the used dosages, significantly reduce the thixotropic build-up. 
            Figure 2.15 Increase in dynamic yield stress of binary systems. 
Figure 2.16 Static yield stress in interval 3 for binary systems. 
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However, the difference between the static yield stress at 15 min and the one at 
45 min is largely influenced by the workability loss, as for the highly restructuring 
mixtures (REF, SL 25, SF 5 and AC 0.5), a direct relationship between the increase in 
dynamic yields stress from 15 to 45 min, and the static yield stress at 45 min can be 
found. From the average increase in static yield stress (Figure 2.15), for the test started 
at 15 min, the silica fume mixture shows the most important increase in static yield 
stress (considering that the results on the slag mixture were deemed erroneous). The 
mixtures with metakaolin and nanosilica also show a substantial increase in static yield 
stress, but the speed of development in the first minute was lower than the other 
mixtures. The attapulgite clay mixture shows a large increase in static yield stress in 
the first minute, but the increase in yield stress slows down over time. 






          Figure 2.18 SP consumption of binary mixtures 
 
Based on the above observations, silica fume, slag, and attapulgite clay are 
retained for further analysis. Silica fume is a performance-enhancing SCM, it can 
reduce viscosity at a low dose, it increases the thixotropic response of the mixture and 
reduces the workability loss, potentially due to the larger SP amount. The attapulgite 
clay is mostly beneficial for the immediate development of yield stress, but it requires 
a significant addition of dispersant, potentially causing the negligible workability loss. 
Slag shows a quick increase in static yield stress, potentially due to a large workability 
loss, rendering the cement-slag combination on its own less favorable for potential 
extended transportation of the mixture. 
2.5.2.2 Ternary and quaternary binder systems.  When starting the subtask 
on ternary binder systems, a new delivery of cement was made to the laboratory. 
Although the cement is the same type, produced by the same producer as the previous 
delivery, some changes in physical properties and chemical composition may affect the 
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rheological response of the mixtures. Therefore, the reference mixture with no SCMs 
or fillers, a w/b = 0.35 and the PCE dispersing admixture, was reproduced and the new 
values of the rheological properties are reported in Table 2.6. It should also be noted 
that the SP quantity necessary to achieve a mini-slump flow of 300 ± 20 mm was 
slightly lower: 2.9 g (for the entire produced volume of the mixture) for the new cement 
relative to 3.0 g for the old delivery. 
The results for the ternary and quaternary mixtures are summarized in Table 
2.6. In Figure 2.19 to Figure 2.21, the rheological properties of the ternary and 
quaternary mixtures are shown. 















































































The new reference cement mixture and the binary systems with slag, silica fume, and 
attapulgite clay are also included in the figures to enhance visual assessment. Figure 
2.22   shows the SP demand of the studied binder systems. The increase in dynamic 
yield stress from 15 to 45 min is substantially lower for all mixtures containing 
attapulgite clay, despite the inclusion of slag in some of the mixtures. This can most 
likely be attributed to the increased SP dosage, as the dosage is at least of the same 
magnitude as the binary mixture with attapulgite clay.  
Figure 2.19 Increase in dynamic yield stress for ternary and quaternary 
systems. 
The ternary mixture with slag and silica fume shows a workability loss in 
between that of the binary mixtures with slag and silica fume separately. The increase 
in static yield stress within the first minute (interval 3), is for all ternary and quaternary 
mixtures higher than for the reference and binary mixtures. However, the benefit of 
combining attapulgite clay and silica fume is only minor and a significant increase in 
SP consumption is noted, making these mixtures less favorable. The mixture with slag 
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Figure 2.20 Static yield stress at the end of the 3rd measurement interval for 
ternary and quaternary systems. 
 
 




Figure 2.22 SP demand for ternary and quaternary systems. 
and attapulgite clay shows a significant increase in thixotropic capacity, without 
showing a significant loss in workability. Combining slag and silica fume also delivers 
a significant increase in static yield stress development, but the workability loss may 
affect the results. The average increase in static yield stress shows similar behavior: 
combining silica fume and attapulgite clay, with or without slag, results in inferior 
rheological response compared to only employing silica fume. 
2.6 SUMMARY 
Based on all data shown, the results on cement paste incorporating different 
superplasticizer types, SCMs, and mineral filler can be summarized in following points: 
• Irrespective of w/b ratio, the selected PNS based SP required a higher amount than
the evaluated PCE based SP to achieve flow spread of 300±20 mm.
• The workability loss is larger for the selected PNS based SP than for the selected
PCE based SP.
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• The rate of thixotropy development and workability loss decreases significantly 
with an increase in w/b ratio. 
• The workability loss is deemed to be the main mechanism for the static yield stress 
development in a binary mixture with only 25% slag.  
• The amount of SP controls the workability loss but also affects the structural build 
up rate in cement paste incorporating SCMs and mineral fillers. 
• Overall, the evaluated silica fume, slag and attapulgite clay are considered effective 
binder materials for further ternary and quaternary system analysis.  
• A ternary mixture combining the evaluated 25% slag and 0.5% attapulgite clay 
could be intended for extended transportation times, as the thixotropic build-up is 
significant and the workability loss is minor. 
• A ternary mixture containing the evaluated 25% slag and 5% silica fume can be 
considered as an alternative if attapulgite clay is not available. This mixture also 
shows substantial thixotropic build-up, but the workability loss can be significant. 
Hence, this mixture could be suitable for on-site or nearby concrete production and 
placement. A mixture with only 5% silica fume could work as second alternative. 
Non-reversible build-up of yield stress could limit self-consolidation if the waiting 









3. FRESH PROPERTIES OF SFSCC/VFC 
  This section discusses the testing methods from previous research on the 
development and characterization of fresh properties of SFSCC, influence of 
constituent materials on fluidity and shape stability of SFSCC, and mixture design 
procedure. In addition, based on the results obtained from the cement paste study, 
materials, mixing procedure and standard test methods employed in this project are 
discussed. A new test setup to study the evolution of green strength is developed.  
The excess paste layer concept was adopted to evaluate the mixture design of 
VFC based on the aggregate packing density study. The influence of the excess paste 
layer and superplasticizer (SP) on thixotropy, workability loss, fluidity and green 
strength development was investigated in detail. Furthermore, different binary and 
ternary mixtures using silica fume, slag and attapulgite clay were investigated. A 
correlation between green strength and static yield stress was established to evaluate 
the suitability of mixtures for different pavement thicknesses.  
 
3.1 SFSCC TESTING METHODS 
To develop suitable concrete mixtures for slip form paving, it is important to 
identify, study and evaluate the test methods useful for the application. In order to 
evaluate the fresh properties such as shape stability, green strength, thixotropy, 
flowability and consolidation of designed mixtures, various test methods have been 
developed to evaluate the performance of the mixtures as well as to establish acceptance 
criteria for slip form pavement construction.  
3.1.1 Slump Flow Test and Flow Table Test.  The slump flow test method 
used for conventional SCC was used to evaluate the flowability of SFSCC mixtures 
according to ASTM C1611 [8], [10]. The flowability of paste or concrete mixtures was 
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evaluated by the flow ratio using the flow table test, according to EN-206 and ASTM 
1437, by Voigt et al. [63] and Pekmezci et al. [9], respectively. The flow ratio is defined 
as the ratio of the diameter of the concrete cone at the base before and after the material 
was subjected to desired number of drops. The Pekmezci et al. [9] studied flowability 
by applying 25 drops of the drop table, while Voigt et al. [63] conducted the flowability 
test on a two plate drop table, in which the plate was dropped 15 times from a 40 mm 
height. Wang et al.[8] evaluated the flowability of paste or mortar according to the flow 
table test described in ASTM C230 and final flow was obtained after 18 drops. 
3.1.2 Shape Stability or Green Strength Test.  Breitenbucher et al. [64] 
determined the shape stability of paste and mortar by means of the mini slump cone 
test. A slump cone with an upper diameter of 70 mm, a height of 60 mm, and a base 
diameter of 100 mm was filled with fresh paste. The shape stability was evaluated 5 
minutes after the initial mixing and after re-mixing of the mixture at 10 minutes.  
𝐾𝐾𝐾𝐾(𝑚𝑚) = 11(𝐷𝐷 + 𝑑𝑑 − ℎ) 𝐾𝐾𝐾𝐾 = 15(𝑤𝑤 + 𝑙𝑙 − ℎ) 
Figure 3.1 Left: Shape stability of paste/mortar test specimen with equation[64] 
Right: Shape stability of fresh concrete test specimen with equation[64] 
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The height (h), the top diameter (d) and bottom diameter (D) of the paste or mortar after 
removal of the cone were measured. The shape stability of concrete was also 
determined using a standard cubical formwork (150 x 150 x 150 mm3). The shape 
stability coefficient of fresh paste or mortar, Kp (m), and concrete, Kc, was measured 
from the equations shown in the left and right parts of 3.1, respectively.  
Similarly, Hoornahad et al. [65] evaluated the shape stability by determining the 
shape preservation factor (SPF). SPF is the ratio of the vertical cross-sectional area of 
the sample before and after demolding i.e. Af/Ao.  Therefore, a higher shape stability 
coefficient or factor indicates a high shape stability of the mixture. Breitenbucher et al. 
[64] evaluated the green strength of a concrete cube which consist of a lever beam
centered on the demolded concrete as shown in Figure 3.2. A bucket at the other end of 
the lever beam was filled continuously with sand until a deformation of 10 mm in the 
concrete was reached. The mass of the sand in the form of load was measured to 
determine green strength of concrete.  
However, Voigt et al. [63] and Pekmezci et al. [9] evaluated the shape stability 
using a modified flow table method. A 100 mm x 200 mm loosely filled concrete 
cylinder was consolidated with 15 [63] or 25 [9] drops on the flow table. Then, the 
  Figure 3.2 R. Breitenbucher et al. [64] test setup for the green strength. 
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cylinder was demolded and loaded slowly but continuously with a small amount of sand 
until the sample collapsed as shown in Figure 3.3. Wang et al. [8] evaluated the green 
strength using a simple sand method, as shown in Figure 3.4. 
Figure 3.3 Voigt et al. [63] and Pekmezci et al. [9] green strength test setup. 
Figure 3.4 Wang et al. [8] green strength test setup. 
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 In this method, the SFSCC mixture was poured into the small cylinder mold 
(100 mm x 127 mm) at a height of 300 mm. After the casting, the formwork was 
removed immediately and a cylinder showing small or no deformation was considered 
further for the green strength evaluation. A plastic cylinder (150 mm x 150 mm) was 
placed on top of the cylinder and gradually filled with sand until the specimen 
collapsed. The total quantity of sand used (load) during the test divided by the loading 
area of the sample is defined as the green strength of the concrete. 
3.1.3 Mini-paver Test.  To simulate the field slip form paving method in the 
lab, a mini-paver test [8], [9], [63], [66] system was developed. It comprised of three 
parts: (1) L-shaped box with a platform on top; (2) a towing system; and (3) a working 
table as shown in Figure 3.5. Initially, concrete was placed on the platform as shown in 
Figure 3.5 (left) and pushed up to a certain height through the vertical leg of the L-box 
to consolidate the mixture. Then, the mini-paver was pulled forward with crank system 
at a designed speed of 1.5-2.5 cm/s. Lastly, as the mini-paver moved forward, the 
concrete slab was extruded out of the horizontal leg of the L-box as shown in  
Figure 3.5 Mini-paver system [8]–[10], [63], [67] 
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Figure 3.5 (right). The surface quality and the edge slump of the concrete slab resulting 
from the mini paver indicated the consolidation, shape holding ability and ultimately 
the feasibility of the SFSCC mixture for slip form pavement construction [8]. 
3.1.4 Compaction Factor Test.  The self-consolidating ability of the SFSCC 
mixture was evaluated by the modified compaction factor test method [10] as shown in 
Figure 3.6. In this method, a cylinder (100 mm x 200 mm) was filled with freshly mixed 
concrete through an inverse slump cone under its own weight. The unit weight of the 
concrete specimen was then determined and compared with unit weight of the concrete 
specimen obtained with three layers and rodded 25 times for each layer. The ratio of 
the unit weight of loosely filled concrete to the unit weight of compacted concrete is 
defined as the compaction factor. A compaction factor closes to, or equal to 1 represents 




3.2 INFLUENCE OF CONSTITUENT ELEMENTS ON FLUIDITY AND 
SHAPE STABILITY OF SFSCC 
The evaluation of fluidity and stability of SCC are important concerns for slip 
forming. Few researchers have investigated the factors affecting the balance between 
flowability and shape stability (green strength) of mixtures requiring low compaction 
energy. Shape stability, i.e. green strength can be defined as the ability of the mixture 
 
Figure 3.6 Compaction factor test setup [10] 
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to support its own weight in its given shape. It is the crucial parameter in slip form 
paving where no formwork is used. Breitenbucher et al. [64] investigated the effect of 
SCMs, clays and thixotropic agents on the slump flow and shape stability of paste, 
mortar and concrete mixtures for slip form pavement applications. The authors 
investigated two different approaches to develop concrete mixtures with good 
flowability and high shape stability.  
One approach was to add thixotropic agents in the original mixture to develop 
a thixotropic concrete. This concrete shows consistent flowability during transport and 
placement, while viscosity increases with time after casting. In this approach, mineral 
admixtures (consisting of kaolinite, illite, and quartz powder), metakaolin, bentonite, 
modified starch, tetrasaccharides and other modified polymers were employed as 
thixotropy-enhancing agents. Their investigation showed that paste with metakaolin 
and a polycarboxylate ether (PCE) superplasticizer reached the targeted values (Shape 
stability coefficient (Kp) > 0.9 and mini slump flow > 200 mm). After re-mixing, to 
check the behavior of the mixture during delivery and casting, none of the pastes mixed 
with the polymeric thixotropic agent (tetrasaccharides and other modified polymers) 
and mineral additions (e.g. bentonite, metakaolin, modified starch) achieved the 
targeted values. Also, re-mixing led to a 97% reduction in green strength of concrete 
with thixotropic agents (modified polymer, modified starch and metakaolin).  
In the another approach, Breitenbucher et al. [64] used viscosity-increasing 
agents to achieve sufficient shape stability and stiffening behavior. In this approach, an 
SCC mixture with slump flow of 700 ± 20 mm was obtained using PCE 
superplasticizer and when the viscosity-increasing additive was added 15 min after the 
initial mixing. They reported that the addition of the viscosity-increasing additive, 
superabsorbent polymer (SAP), with PCE superplasticizer led to a significant decrease 
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in slump flow and a shape stability coefficient (Kc) of 0.76 to 0.79 was determined. A 
higher shape stability coefficient was achieved when naphthalene sulfonate (NaS) was 
combined with PCE superplasticizer. In a concrete mixture with 3% PCE and 1% NaS 
of cement weight, slump flow was reduced from 690 to 490 mm and a shape stability 
coefficient of 0.85 was achieved [64]. In a concrete mixture containing 3% PCE and 
1.5 % NaS, slump flow was reduced from 690 to 440 mm and shape stability coefficient 
of 0.95 was achieved [64]. Therefore, the targeted shape stability and high flowability 
could not be achieved simultaneously using this approach [64]. 
Pekmezci et al. [9] determined the flowability and shape stability under the 
effect external compaction energy, i.e., using the drop table test as explained in sections 
3.1.1 and 3.1.2. They discovered that more flowability was achieved in concrete 
mixtures with naphthalene-based (PNS) plasticizers compared to polycarboxylate-
based (PCE) plasticizers, while still showing sufficient green strength. Their results also 
showed that the addition of an air-entraining agent (AEA) to attain enhanced air-void 
structure does not affect the flowability and green strength of the mixture. Moreover, 
adding clay minerals up to 1% of attapulgite clay and 1.5% of metakaolin of cement 
weight proved beneficial in modifying flowability with effective green strength 
development. However, concrete mixtures containing VMA or kaolinite provided 
higher green strength with a small loss in flowability. The work of Pekmezci et al. [9] 
and Voigt et al. [63] also indicated that the incorporation of fly ash and a naphthalene-
based superplasticizer (PNS) led to an increase in flowability but showed negative 
impact on the green strength. Pekmezci et al. [9] attributed this higher flowability 
behavior of concrete due to the spherical shape, finer size and lower specific gravity of 
fly ash. Also, for a given water/binder (w/b), fly ash decreased the water demand 
causing an increase in flowability [68]. 
58 
Voigt et al. [63] investigated the effect of clay minerals and fibers in fly ash-
modified SCC (replaced 30% of cement weight) (SCCF) mixtures to achieve the 
required balance between flowability and green strength. They reported that attapulgite 
clay displayed a maximum green strength (2.4 kPa) with minimal negative impact on 
flowability. SCCF with other clay minerals, MgO and fibers showed similar green 
strength (1.3-1.8 kPa). SCCF with polypropylene fibers showed maximum flow ratio 
among all SCCF mixtures. The relationship between the green strength and flowability 
is shown in Figure 3.7 [9]. From these results, a general trend can be observed: As the 
flow ratio increased, the green strength value decreased. However, some concrete 
mixtures followed a different trend i.e. for a given flow ratio, a plain mixture with 
naphthalene-based plasticizer (Plain (naphth) in the figure), the mixtures with fly ash 
(FA) and clay minerals and mixtures containing VMA and AEA, displayed higher green 
strength values.  
Figure 3.7 Relationship between green strength and flowability (flow 
diameter after 25 drops on drop table) [9] 
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These mixtures may be considered as potential candidates for concrete requiring 
reduced or no consolidation energy. From the mini paver tests, it has been observed that 
all concrete mixtures with clay minerals and fibers improved the edge stability, while 
good surface quality without any internal or external vibration was observed [9], [63]. 
In an accelerated slab replacement study, Armaghani et al. [69] reported that SCC 
mixtures with four admixtures i.e., HRWR, slump retaining admixture, regular water 
reducing admixture and set retarder (Type D according to ASTM C494), and 
accelerator, displayed high workability retention without segregation. They stated that 
workability was retained for one hour after adding the accelerator. Their results also 
showed an effective early age strength of 54 MPa (1 day) for a given SCC 
mixture, which is more than what is required for accelerated slab replacement 
application. From the feasibility study [8] and the field investigation [10] of SCC for 
slip form pavement application, it has been determined that a new slip form SCC 
(SFSCC) might have a symmetric cone shape (indicates well compacted) as shown in 
Figure 3.8, along with slump value of around 200 mm and a flow value range of 
330-380 mm. Wang et al. [70] reported that SFSCC mixtures with higher 
replacement of cementitious materials (40%FA+15%MK), with and without nano-
limestone resulted in good flowability and shape stability satisfying SFSCC design 
criteria. 
Figure 3.8 A well compacted slump cone shape [10] 
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Garg and Wang [71] studied the performance of mortars containing a 
combination of three clays and fly ash. They concluded that all three clays decreased 
the flowability of the mortars and an optimum amount of attapulgite clay can be helpful 
in improving shape stability of concrete for slip form pavement application. Attapulgite 
clay led to a significant reduction in flowability due to its high water adsorption 
capacity [61], [72] and thixotropic behavior [53]. Tregger et al. [45] also concluded that 
an increase in stiffness resulted in concrete mixtures containing attapulgite clay having 
the highest green strength compared to other clay additives.   
Garg and Wang [71] reported that a higher content of metakaolin led to a 
significant decrease in flowability [73], caused by the imbalance between the extra fine 
particles and a lack of water. Ge et al. [74] found that the incorporation of nano-
limestone resulted in a decrease in slump flow while an increase in particle size of nano-
limestone led to increase in slump flow. The fly ash-cement mortar study conducted by 
Kawashima et al. [48], concluded that flowability increased with the addition of fly ash, 
while it decreased with addition of CNS (colloidal nanosilicate). Modification in 
particle shape, size and paste volume of SCMs and clay minerals causes variations in 
the dosage of superplasticizer required to reach a target slump flow value. Han et al. 
[75] found that in high-strength SCC mixtures, the addition of SRA (shrinkage reducing
admixtures) and SAP (super-absorbent polymers) lowered the flowability requiring an 
adjustment of the HRWR dosage.  
3.3 MIXTURE OPTIMIZATION OF SFSCC 
In this section, previous studies focusing on aggregate optimization and excess 
paste layer thickness concept are discussed in detail. 
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3.3.1 Aggregate Optimization.  The aggregate gradation, shape, and angularity 
significantly influence SCC characteristics [76]. SCC made with coarser aggregates 
may lead to lower HRWR demand and lower plastic viscosity. The optimization of the 
aggregate proportioning and grain size distribution is a common practice in developing 
an economical mix design of SCC, as it allows for a reduction of the paste volume. A 
higher maximum packing density of aggregate reduces the voids which need to be filled 
with paste and helps in reducing shrinkage in the mixture.  
The modified Andreasen and Andersen model (A&A model) is commonly 
employed to optimize the aggregate proportion and to reduce the paste volume in SCC 
mixtures (equation(3.1)) [72–75]. 
𝑃𝑃 (𝐷𝐷) =  𝐷𝐷𝑞𝑞 − 𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚𝑞𝑞
𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚
𝑞𝑞 −  𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚
𝑞𝑞
(3.1) 
where, q = distribution modulus 
D = sieve size 
Dmin= minimum particle size 
Dmax = maximum sieve size in which 100% passing takes place
The modified A&A model with q values between 0.25 and 0.30 produces a particle size 
distribution (PSD) suitable to design SCC mixtures [79], [80]. Maximum packing 
density or compactibility of granular materials can be measured by means of the 
Gyratory compactor testing equipment, also known as the intensive compaction tester 
(ICT), shown in Figure 3.9. It is a popular equipment to investigate the compactibility 
and stability of zero-slump concrete or conventional pavement concrete [81]. The ICT 
consists of a test cylinder, a piston, and an electronic pressure device. It calculates the 
density of the specimen by continuously measuring the height during the compaction 
of the cylinder subjected to shear movement and constant pressure (commonly known 
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as compaction cycles) [82]. Mueller et al. [77] and Khayat and Mehdipour [78] recently 
proposed that the ICT is a simple and effective tool to determine the maximum packing 
density of solid particles of SCC mixtures, including aggregates [78] or aggregates and 
cementitious materials [77]. Their results showed that a good PSD of the aggregates for 
ecological and economical SCC can be obtained by using the modified A&A model 
with a q-value of approximately 0.27 [77] or 0.29 [78]. Esmaeilkhanian et al. [83] also 
showed that a q value between 0.28 to 0.30 provided maximum packing density when 
the coarse aggregate volume was between 32% - 35% of the total concrete volume. 
Figure 3.9 Left: Intensive compaction tester (ICT), 
Right: ICT compaction principal [81] 
For the development of a SFSCC mix design, the loose and bulk density of 
coarse aggregate were tested according to ASTM C 29 (2003) by Wang et al. [8] to 
study the influence of different aggregate gradations on compactibility and green 
strength of concrete. The difference between the loose and bulk density indicated the 
external energy required to achieve the maximum packing density of the aggregates [8]. 
Therefore, a small difference between the loose and bulk density of coarse aggregate 
represents a more compacted and dense granular system. This relationship was further 
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verified by the compaction factor test of fresh concrete as explained in section 3.1.4, 
and aggregate proportions with higher compaction factor were selected to continue the 
research on SFSCC [8]. 
3.3.2 Excess Paste Layer Concept.  The excess paste layer theory was 
developed by Kennedy [84] in 1940 to explain the driving factor influencing the 
workability of concrete. According to this theory, the total paste volume is divided into 
a paste volume to fill the voids between the aggregates, and an excess paste volume to 
cover the surface area of the aggregates to achieve desired workability. This excess 
paste thickness reduces the inter-particle friction 
Figure 3.10 Excess paste layer theory concept [85] 
between the aggregates and improves the workability of the mixture. As can be seen in 
Figure 3.10, concrete with an aggregate system without excess paste layer moves when 
overcoming the friction between the particles, while aggregate voids filled with paste 
and an excess paste layer modifies the interaction between the aggregate from inter-
particle friction to a lubricating effect. In this case the mobility of aggregate particles is 
enhanced. Hoornahad et al. [65] and Oh et al. [85] systematically explained the excess 
paste layer system in two parts, i.e. the void paste and the excess paste. Figure 3.11(a)  
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(a) 
shows a total volume of a sample equivalent to the volume of aggregate and total paste 
volume in loose state. Figure 3.11(b) shows a system with bulk volume of the 
aggregates, consisting of the volume of aggregate and paste volume in compacted state, 
and excess paste volume. Lastly, Figure 3.11(c) shows a total volume of sample 
(b) 
(c) 
Figure 3.11 Two phase aggregate-paste system in the excess paste layer 
where, Vt, Va, Vb, Vp, Vpv and Vpex are volume of the sample, specific 
volume of the aggregate, bulk volume of the aggregate in compacted 
state, total paste volume, void paste volume and excess paste volume, 
respectively [65] 
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containing the aggregate volume, paste volume to fill the voids between the aggregate, 




− 1� 𝑉𝑉𝑚𝑚 (3.2) 
𝑉𝑉𝑝𝑝𝑝𝑝𝑚𝑚 =  𝑉𝑉𝑝𝑝 −  𝑉𝑉𝑝𝑝𝑝𝑝 (3.3) 
where, 
 𝑉𝑉𝑝𝑝𝑝𝑝 = void paste volume,  
𝜁𝜁 = maximum packing density of aggregate, 
𝑉𝑉𝑚𝑚= volume of aggregate 
𝑉𝑉𝑝𝑝𝑝𝑝𝑚𝑚= excess paste volume 
𝑉𝑉𝑝𝑝= total paste volume  
It can also be said that for a given paste volume, a higher packing density of the 
granular system provides a higher excess paste amount than what is required to fill the 
voids between the aggregates, and as such, a thicker paste layer coats the aggregates. 
Thus, a granular system with a high packing density with a sufficient excess paste layer 
is beneficial for better flowability due to lower inter-particle interaction. The correlation 
of excess paste layer thickness to flowability of fresh concrete is also confirmed by 
Denis et al. [86] and Kwan and Li [87]. Kwan and Li [87] reported that the fines in the 
aggregate (particles finer than 75 μm) are considered a part of the paste volume. To 
develop concrete mixtures with good shape stability and flowability, without 
compromising its self-consolidating characteristics, a sufficiently large paste volume is 
required, which will not only fill the voids between aggregates but also provide a 
sufficiently thick paste layer to ensure adequate flowability [10], [65]. Hoornahad et al. 
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[65] stated that paste consistency (ability to flow) is significantly controlled by the
amount of superplasticizer and an increase in excess paste volume causes the yield 
stress and shape preservation factor (shape stability) to decrease.  
Geiker et al. [88] investigated the effect of coarse aggregate volume fraction 
and shape on the rheology of SCC. Their results showed that not only volume fraction 
but also the aspect ratio, angularity, shape, and surface texture of coarse aggregate 
influence the yield stress and viscosity. Kohler [76] reported that natural aggregates, 
well-shaped crushed coarse aggregates, and well-shaped manufactured sands showed 
low interparticle friction, causing low HRWRA demand, and low plastic viscosity. 
Jovein and Shen [89] reported that for SCC mixtures at w/c = 0.35 and slump flow 
ranging between 580 mm to 740 mm, increasing aggregate volume resulted in higher 
static and dynamic yield stress. Their results also confirmed the Coussot [90] model 
relating the mixture yield stress to the yield stress of suspending fluid as shown in 
equation (3.4), which implies increasing aggregate volume increases yield stress of the 
mixture. 
𝜏𝜏𝑚𝑚 =  𝜏𝜏𝑓𝑓(1−  ∅∅𝑚𝑚 )−𝑚𝑚 (3.4) 
where, 
 𝜏𝜏𝑚𝑚 = yield stress of mixture, 
𝜏𝜏𝑓𝑓 = yield stress of suspending fluid, 
𝜙𝜙 = the volume fraction of particles, 
∅𝑚𝑚 = the maximum packing density of particles, and 
m = a coefficient representing factors such as shape, angularity, roughness, etc. 
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Jovein and Shen [89] also confirmed the applicability of the Krieger-Dougherty 
equation [91] relating viscosity and volume fraction in concrete as shown below: 
𝜂𝜂𝑐𝑐 =  𝜂𝜂𝑝𝑝 (1− 𝜙𝜙𝜙𝜙𝑚𝑚)−[𝜂𝜂]𝜙𝜙𝑚𝑚 (3.5) 
where: 
𝜂𝜂𝑐𝑐 = the apparent viscosity of the suspension, 
𝜂𝜂𝑝𝑝 = the apparent viscosity of the solution, 
𝜙𝜙 = the volume fraction of particles, 
𝜙𝜙𝑚𝑚= the maximum packing density of particles, 
[𝜂𝜂] = the intrinsic viscosity of the particles. 
The Krieger-Dougherty (K-D) equation implies that higher aggregate volumes 
corresponds to higher plastic viscosity. Jovein and Shen [89] mentioned that the K-D 
equation is valid at t = 0 and plastic viscosity changes with time (t > 0). Their study 
further concluded that yield stress increases with an increase in FA/CA ratio and 
decreases with an increase in coarse aggregate (19 mm) due to greater surface area to 
volume ratio of the fine aggregate and lower aggregate surface area/mass ratio, 
respectively. Mahaut et al. [92] investigated the influence of coarse particle volume 
fraction on the yield stress and thixotropy of cementitious materials. Their results 
followed the Chateau-Ovarlez-Trung model [93] with 𝜑𝜑𝑚𝑚 = 0.56 for monodispersed 
spherical particles as shown below in equation (3.6): 
𝜏𝜏𝑐𝑐
ℎ𝑜𝑜𝑚𝑚
𝜏𝜏𝑐𝑐� = (1−  𝜑𝜑)1 2� (1− 𝜑𝜑 ⁄ 𝜑𝜑𝑚𝑚 )−1.25𝜑𝜑𝑚𝑚 (3.6) 
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Their study also reported that measurement of yield stress evolution of cement pastes 
in time and measurement of increase of the yield stress with the volume fraction of 
coarse particles for a single resting time is adequate to predict the value of the 
structuration rate of fresh concrete. 
3.4 EXPERIMENTAL PROGRAM 
3.4.1 Materials.  In this section, properties of binder materials and aggregate 
employed in the development of VFC for slip-form paving are discussed in detail. 
3.4.1.1 Cement, SCMs, and mineral fillers.  Based on the paste component 
results, described in section 2.5, cement, silica fume, slag, and attapulgite clay have 
been selected maintaining the replacement proportion for the concrete scale. Although, 
new slag from three different sources (SL-A, SL-B, and SL-C) was tested. The chemical 
composition and physical properties of the slags are listed below in Table 3.1. SL-B has 
a higher aluminum and calcium oxide content compared to SL-A and SL-C. SL-C has 
the highest SiO2 content (35.99%). For the chemical composition of cement, silica 
fume, and attapulgite clay, the reader is referred to Table 2.1.  
3.4.1.2 Fine aggregate.  Missouri river sand was employed. The density and 
absorption test were conducted according to ASTM C128-15 [112]. The gradation was 
carried out according to ASTM C136-14 [113]. Table 3.2 shows the physical properties 
of the fine aggregate. 
3.4.1.3 Coarse aggregate.  Two nominal maximum size (NMS) of 19 mm and 
9.5 mm crushed limestone were used. Table 3.2 shows the physical properties of coarse 
aggregates. The density and absorption test were conducted according to ASTM C127-
15 [114]. The gradation was carried out according to ASTM C136-14 [113].  
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Table 3.1 Chemical and physical properties of different slag deliveries 
Basic compounds 
(%) 
SL -  A SL - B SL - C 
MgO 8.65 4.77 8.30 
Al2O3 8.57 10.90 7.13 
SiO2 32.80 29.58 35.99 
SO3 1.88 3.10 2.30 
K2O 0.37 0.32 0.39 
CaO 45.93 49.41 44.09 
TiO2 0.52 0.64 0.43 
Mn2O3 0.33 0.28 0.70 
Fe2O3 0.70 0.25 0.45 
Specific 




13.6  13.6  11.6  
 
 






19 mm 2.74 0.70 
9.5 mm 2.78 0.46 
Sand 2.61 0.37 
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3.4.1.4 Dispersing admixture.  Based on the results obtained from the cement 
paste study with different w/b and different types of dispersing admixtures, the selected 
polycarboxylate-based dispersing admixture was employed. The dosage of the 
admixture was varied to assure slump flow of 500 ± 50 mm.  
3.4.2 Mix Design and Mixing Procedure.  The investigation on VFC mixtures 
was divided in two subtasks. A binary system: cement with 5% silica fume replacement 
(CEM - SF 5), was first employed to study the influence of modifications in excess 
paste layer thickness on thixotropy, fluidity, and green strength of VFC. Then, the best 
performing paste layer thickness was tested in systems with two different slags at 25% 
replacement and attapulgite clay at 0.5% replacement. Lastly, a ternary system with 
slag and attapulgite clay was tested.  
3.4.2.1 Mix design.  Table 3.3 represents the mix designs of different excess 
paste layer thicknesses evaluated. Table 3.4 represents the mix designs of the other 
binary and ternary mixtures evaluated. Detailed information on the mix design 
development and excess paste layer calculation can be found in Appendix. The reported 
dosage of SP is for the amount of commercial product added. The w/b has been kept 
constant at 0.35. The SL-C-AC has w/b ratio of 0.33.  
3.4.2.2 Mixing procedure.  All VFC mixtures were prepared in 75 L batches 
in a drum mixer with capacity of 150 L. Similar to the paste mixing procedure, the 
contact between water and binder is taken as the reference time. The elapsed times 
when executing green strength measurements and rheological measurements are 
relative to this reference time. The dispersing admixture (SP) is added in delayed If 
necessary, the SP dosage was increased. The testing procedure was started at 15 min 
and it was repeated on all VFC mixtures at 70 ± 5 min, in the same manner. The speed 
of the drum mixer was lowered between the 1st and 2nd testing procedure to mimic a  
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Table 3.3 Concrete mix proportion of different excess paste layer mixture 
Material 
(kg/m3) 





Cement 455 416.4 396 374.8 396.1 416.5 
Silica fume 23.9 21.9 20.8 19.7 20.9 21.9 
19 mm agg. 517.8 538.9 550.2 562 551 539.6 
9.5 mm agg 369.9 384.3 392.6 401 392.7 384.6 
Sand 884.2 917.1 936.5 956.7 939.5 920.1 
Water 166.5 156.9 149.4 141.9 145.6 153 
SP 1.66 1.74 2.15 2.15 1.45 1.52 
w/b 0.35 0.35 0.35 0.35 0.35 0.35 
Table 3.4 Concrete mix proportion of binary and ternary mixtures 
Material 
(kg/m3) 
SL-A SL-B SL-B-1 AC SL-B-AC SL-C-AC 
Cement 357.5 355.6 355.6 478.3 352.2 350.8 
Slag 119.2 118.5 118.6 - 118.2 117.7 
Attapul-
gite clay 
- - 2.4 2.4 2.4 
19 mm 
agg. 
518.7 518.7 517.5 517.5 517.1 519 
9.5 mm 
agg 
369 369 369.1 369.1 369.2 369.8 
Sand 885.9 885.9 890.7 890.7 898.1 906.3 
Water 164.1 163.2 159.7 159.8 150.4 138.8 
SP 1.11 1.11 1 2.7 3 3.83 
w/b 0.35 0.35 0.35 0.35 0.35 0.33 
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Table 3.5 Concrete mixing procedure 
Time Duration Action and Addition 
-1.00 1 min  Mix Aggregates + 1/2 water 
0.00 30 sec Add binders then add rest of water 
0.50 
1 min 30 
sec 
Mixing 
2.00 1 min Add SP 
3.00 1 min Rest and scraping 
4.00 2 min Mixing 
6.00 Stop mixer 
6.00 6 min  
If slump flow 500 ± 50 mm 
achieved - Mixer agitated on 
slow speed and start testing at 
15 min 
Else addition of SP and remixing 
truck mixer in agitation mode. The mouth of the mixer was also covered with a plastic 
sheet to prevent evaporation of mixture water.  
3.4.3 Test Method for Aggregate Maximum Packing Density.  The. 
maximum packing density of the sand and coarse aggregates was determined using the 
gyratory intensive compaction tester (ICT). A dry homogenous mixture of coarse and 
fine aggregates was placed in the cylinder mold, rotating at a gyratory angle of 40 mrad 
for 124 cycles under a constant vertical pressure of 1.5 bar. Due to the gyratory 
inclination, shear movement under vertical pressure permits to attain a higher packing 
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density. The packing density of granular materials or aggregates (φ) is calculated as 



















where, P1, P2, and P3 are weight percentages of the aggregates used in the mixture, and 
ρ1, ρ2, and ρ3 represent the specific gravity values of the different aggregates. After a 
few trials, the selected vertical pressure was below a critical value which led to grinding 
or crushing of the particles. The critical pressure for the tested granular material was 
determined by observing the top surface of the cylinder mold after each trial. It can also 
be determined using the difference between its particle size distribution (PSD) before 
and after applying various pressures. Also, the number of cycles selected was based on 
when density reaches to its peak value and there is no considerable change on further 
increase in cycles [94]. The applied testing parameters to ICT are also shown in Table 
3.6. 
 
Table 3.6 Testing parameters imposed to ICT 
Parameter Unit Available range Selected 
Cycles  2 - 512 124 
Gyratory angle mrad 0 - 50 40 
Velocity rpm 0 - 60 60 
Vertical pressure bar 0.5 - 10 1.5 
74 
3.4.4 Test Method for VFC Mixture Characterization.  The flowability, 
workability loss, and green strength are related to the rheological properties such as 
yield stress, viscosity, and thixotropy. So, workability and rheological measurements 
were conducted simultaneously. Table 3.7 shows the different tests conducted for the 
characterization of VFC mixtures. Table 3.8 shows the testing procedure in detail. The 
testing procedure was repeated after 60 min for C-SF-40 mixture, at 80 min for C-SF-
30, and at 70 ± 5 min for the other mixtures. 
 
Table 3.7 Test methods used to evaluate properties of VFC 
Property Test 
Yield stress and viscosity Slump flow, T50 , ICAR – flow curve 
Thixotropy Green strength, Static yield stress 
 
Table 3.8 Testing procedure protocol 
Time Duration Action and Addition Criteria 
13.00 1 min Mixing 
 
14.00 1 min 
Get sample and filling up 
slump cone 
Get sample and filling up 
ICAR  container 
15.00 2 min 
Slump flow measurement Slump flow 500 ± 50 mm 
Dynamic flow measurement 
ICAR Dynamic flow 
measurement 
Preshear - 20 sec at 0.5 rps 
Flow curve - 0.5 to 0.03 rps in 
10 steps (each step = 5 sec) 
Total = 70 sec 
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Table 3.8 Testing procedure protocol cont. 
17.00 4-5 min 
Filling up all four molds for 
green strength test  
Remix sample in ICAR 
22.00 2 min 
Remove 1st mold + loading Green strength measurement 
Start measurement for static 
yield stress - ICAR 
apply 0.003 rps 
27.00 2 min 
Remove 2nd mold + loading Green strength measurement 
Start measurement for static 
yield stress - ICAR 
apply 0.003 rps 
35.00 2 min 
Remove 3rd mold + loading Green strength measurement 
Start measurement for static 
yield stress - ICAR 
apply 0.003 rps 
50.00 2 min 
Remove 4th mold + loading Green strength measurement 
Start measurement for static 
yield stress - ICAR 
apply 0.003 rps 
3.4.4.1 Slump flow test and T50.  The slump test was carried out according to 
ASTM-C1611-14 [115]. This test is specified for SCC mixtures in which a sample of 
freshly mixed concrete is placed in the Abram’s cone in one layer on a flat, level, and 
nonabsorbent surface without any tamping or vibration. The cone was then raised in 3 
± 1 s and the average of two orthogonal diameters of the concrete spread was measured. 
After removal of the mold, the time required to reach 50 cm circle was measured to 
determine the T50 of VFC mixture. A longer T50 time represents higher viscosity. The 
slump flow test, including T50, was repeated around 75 min from the water-binder 




3.4.4.2 Green strength test.  In this test, removable cylindrical metal molds of 
100 mm in diameter and 200 mm in height were used for concrete casting (Figure 3.13 
(a)). On a flat surface, the two semi-cylinder molds were clamped together, standing on 
a nonabsorbent metal plate (Figure 3.13 (b)). During casting, freshly mixed concrete 
was placed in the cylinder in two layers without any vibration or rodding. After each 
layer, the mold was gently tapped to remove entrapped air. The cylinders were cast in 
a sequence of the testing protocol and remained undisturbed during the resting time. 
Each cylinder mold was removed at a given time and a cylinder with good shape 
stability i.e. with slightly or no deformation, was further tested for green strength as 
shown in Figure 3.13 (c). A square shaped plate was placed on top of the cylinder, 
guided by two vertical rods, and the cylinder was loaded with standard load blocks until 
collapse as shown in Figure 3.13 (d). The total weight of load applied during the test 
divided by the loading area provides the green strength of concrete mixture. 
 
 
Figure 3.12 Typical slump flow 
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(a) a removable 100 mm x 200 mm 
mold 
 
(b) molds clamp together for casting 
of fresh concrete on a square plate 
 
(c) Typical shape stable concrete 
mixture 
 
(d) Loading of sample using square 
plate on top and loading blocks 
Figure 3.13 Green strength test setup 
 
During casting, freshly mixed concrete was filled in four molds and the same 
sequence was followed for the green strength measurement to study the development 
of shape stability with time. The first cylinder was demolded after a resting time 
(sample remains undisturbed) of 5 min, and similarly, the 2nd, 3rd, and 4th cylinder was 
demolded after a resting period of 9 min, 16 min, and 30 min, respectively. Before the 
repeat measurement at 70 min, the speed of the mixer is increased to simulate the re-
mixing process of a truck mixer before discharging on site. The entire procedure was 
repeated and green strength tests were conducted on four molds at identical resting 
times.  
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3.4.4.3 Density and air content test.  The density of freshly mixed concrete 
was determined according to ASTM C 138-08 [116]. A sample of freshly mixed 
concrete was placed without any rodding or vibration in a measuring bowl conforming 
ASTM C 231. A strike-off bar was used to remove top surface of concrete and finished 
it smoothly. The same mixture was also used to determine the air content by pressure 
method, using type B-meter, according to ASTM 231-14 [117].  
3.4.4.4 Rheology.  The ICAR rheometer consists of a four-bladed vane, 
container, frame, laptop, and rheometer with torque and velocity sensors as shown in 
Figure 3.14. The four-bladed vane has a radius (Ri) of 62.5 mm and a height (h) of 127 
mm. The container in which freshly mixed concrete is placed has vertical ribs and has 
an outer radius (Ro) of 143 mm. 
 
 
Figure 3.14 ICAR rheometer parts [95] 
 
3.4.4.4.1 Testing procedure.  Immediately after mixing, freshly mixed 
concrete was placed in the rheometer container and the impeller is inserted in the 
concrete. The required parameters such as rotational velocity and time were provided 
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for the preshear, flow curve, static yield stress or thixotropy measurements. Firstly, like 
when determining the cement paste rheology, a pre-shear period was imposed for 20 
seconds at a rotational velocity of 0.50 rps to eliminate the shear history from the 
sample prior to measuring. During this process, the torque gradually declines till it 
reaches equilibrium. This represents the amount of energy required to break down the 
internal structure of concrete mixture. After the pre-shear, the flow curve was measured 
by decreasing the rotational velocity stepwise from 0.5 to 0.03 rps in 10 steps of 5 s 
each. The rotational velocity profile is shown in Figure 3.15. The flow curve was used 
to determine the dynamic yield stress and plastic viscosity using the Bingham model.  
 
 
Figure 3.15 The rotational velocity profile imposed in ICAR rheometer 
 
After the flow curve, the top of the rheometer was removed from the container 
and sample was mixed with a shovel to regain homogeneity prior to the thixotropic 
measurements. To measure the thixotropic properties, a rotational velocity of 0.003 rps 
was imposed on the sample at rest and a steady increase in torque was monitored. The 
test was terminated after the peak in torque was achieved. The maximum torque value 
can be related to the stress required to initiate the flow after rest.  
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The stress growth or thixotropy test was measured four times, i.e., the 
measurements ware conducted at resting periods of 3 min (i.e. 22nd min from water-
binder contact), 5 min, 8 min, and 15 min, respectively. For example, sample is at rest 
for 5 min between the 1st and 2nd measurement. The sample is then returned to the mixer 
and agitated (slow speed). Before the second measurement, the speed of mixer is 
increased to simulate the re-mixing process of a truck mixer before the placement 
process on site. The entire procedure was repeated and thixotropy measurements were 
conducted in a similar fashion. The flow curve and stress growth results obtained after 
1st and 2nd measurements were compared to determine the workability loss in concrete 
and its influence on the thixotropic properties.  
3.4.4.4.2 Determination of rheological properties.  Before mixing, the stress 
growth and flow curve measurements were conducted with an empty container to obtain 
“empty measurement”. The raw torque and rotational velocity data obtained on 
concrete were plotted and corrected using the empty measurement data to avoid the 
effect of a residual torque. From the data collected in each step of the rotational velocity, 
the data of the first second of each step were discarded to eliminate the transition time 
between the velocity steps. For each step, torque data are monitored for equilibrium. 
On the remaining data during the last four seconds of each step, the average torque and 
rotational velocity were calculated. The torque measurements were eliminated in case 
of excessive scattering of data points, or non-equilibrium for each rotational velocity. 
Lastly, the torque-rotational velocity (T-N) was plotted using Bingham model as shown 
in Figure 3.16. The rheological properties are calculated by means of Reiner-Riwlin 
type of equation as shown below in equation (3.9), (3.10), and (3.11). The Reiner-
Riwlin equation transforms the parameters G and H into (dynamic) yield stress (τo) and 
plastic viscosity (μp). 
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�8𝜋𝜋2h 𝐻𝐻 (3.10) 
 
 
𝑇𝑇 = 𝐺𝐺 + 𝐻𝐻N (3.11) 
 
where: 𝜏𝜏O= yield stress (Pa) 
𝐺𝐺= intercept of T-N curve (Nm) 
𝑅𝑅I = radius of inner cylinder (m) 
𝑅𝑅O= radius of outer cylinder (m) 
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ℎ= height of inner cylinder submerged into the material (m) 
𝜇𝜇p= plastic viscosity (Pa s) 
𝐻𝐻= the slope of T-N curve (Nm s) 
The stress growth measurements were conducted at four different intervals. The 
corrected maximum torque value as explained in section 3.4.4.4.3 is then transformed 
to measure the static yield stress by following equation (3.12): 
 
 τo,s = 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚2𝜋𝜋𝑅𝑅𝑚𝑚2ℎ (3.12) 
 
where, τo,s = static yield stress 
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 = maximum Torque (N-m) 
𝑅𝑅I = radius of inner cylinder (m) 
ℎ= height of inner cylinder submerged into the material (m) 
Figure 3.17 shows the typical stress response where intervals 1, 2, 3, and 4 represent 
the stress measurements at resting periods of 3 min, 5 min, 8 min, and 15 min; i.e. 22nd, 
27th, 35th, and 50th min from the water-binder contact.  
Similar to the cement paste study, the thixotropy is further evaluated by the average 
increase in static yield stress with time (Δτ0,s: static yield stress minus shear stress at 
end of interval 1 / elapsed time between two yield stress measurements), as well as the 
individual value of the 2nd interval, corresponding to a 5 min rest (depends time taken 
















Where: Δτ0,s = the increase of static yield stress (Pa/min) 
τ0,s,x = the static yield stress measured in interval x (Pa) (x = 2, 3, or 4) 
tx = time at which τ0,s,x is measured 
 
 
Figure 3.17 Typical result of increase in shear stress at a constant rotational 
velocity 0.003 rps. Results shown is for the 20 micrometers paste layer 
thickness 
 
3.4.4.4.3 Plug flow correction.  After determining the yield stress and viscosity 
using the Bingham model, the flow curve measurements were checked for plug flow, 
as the transformation equations assume that all material in the rheometer is sheared. 
Therefore, the shear stress at the outer cylinder is compared to the calculated yield stress 
value. If this value is smaller than the yield stress, there is plug flow as shown in detail 
in Figure 3.18. The plug flow correction was calculated using an iterative procedure in 
which an original estimation of yield stress and plastic viscosity obtained from the 
direct transformation is introduced. These values are compared to the yield stress and 
plastic viscosity obtained from the shear stress-shear rate data using the plug radius 
(partially sheared) instead of the outer cylinder radius (fully sheared) for the points that 
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have plug flow. The sums of differences between the rheological values at each iteration 
are minimized to a value smaller than 0.001. The resulting final values are considered 
as rheological properties of the mixtures. 
Static yield stress measurements were also corrected by measuring an average 
empty torque value. An average torque value is subtracted from each maximum torque 
value obtained during the static yield stress measurement. Then, the corrected 
maximum torque value is transformed to determine the static yield stress value. 
3.5 RESULTS AND DISCUSSION 
The experimental task is divided in three different parts. Firstly, the aggregate 
proportions were optimized using the gyratory intensive compaction testing (ICT) 
machine. By means of the excess paste layer concept, concrete mixtures were 
developed and evaluated. Different paste layer thicknesses were considered for the 
evolution of thixotropy, flowability, workability loss, and green strength. The best 
Figure 3.18 Plug flow correction 
85 
performing paste layer thickness was selected to investigate different SCMs and filler 
materials, as selected in the part studying the cement paste performance.  
3.5.1 Optimization of Aggregate Proportions.  Two different sizes of coarse  
aggregate with nominal maximum aggregate sizes of 9.5 mm and 19 mm, were used in 
the following tasks: 
 Task 1 – Obtain two aggregate proportions using the Modified A&A model
with a q-value of 0.29
 Task 2 – Evaluate maximum packing density of selected mix proportions
using ICT 
The modified Andreasen and Andersen (A&A model) was applied to obtain a 
maximum packing density using an equation (3.1) The distribution modulus (q) in the 
A&A model is a significant parameter controlling maximum packing density of 
aggregates and ultimately, the fresh and hardened properties of SCC. The least square 
difference method was applied to obtain a PSD of a mixture of three aggregates similar 
to the modified A&A model (Figure 3.19) by means of two different approaches: 
• Approach 1 – At q = 0.29, selection of aggregate proportion with least square
difference
• Approach 2 – At q = 0.29, selection of coarse aggregate proportions (9.5 mm
and 19 mm), keeping the fine aggregate proportion constant at 50% (by weight)
to ensure proper self-consolidating properties of the resulting SCC.
The aggregate proportions obtained by means of these approaches are shown in Table 
3.9. Brouwers [96] reported that a q-value between 0.25 and 0.35 is favorable when 
targeting a large maximum packing density to reduce the quantity of cementitious 
materials or paste volume needed to ensure appropriate flow. The aggregate proportions 
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as shown in Table 3.9 were further tested by means of the ICT and the aggregate 
proportion with a maximum packing density is selected for the concrete mix design. 
For both aggregate proportions, the ICT test was conducted three times and the average 
of the maximum packing density was determined. A theoretical maximum density was 
determined using equations (3.7) and (3.8). The theoretical maximum density (𝜌𝜌𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚) 
for the aggregate proportions in approach 1 and approach 2 was 2689.5 and 2681.4 
kg/m3, respectively. A typical curve between density-cycles obtained from the ICT test 
is shown in Figure 3.20. 








Approach 1 0.29 33 23 44 
Approach 2 0.29 29 21 50 
Figure 3.19 Particle size distribution of combined aggregates with two 
different approaches and Modified A&A model (dashed) 
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An increase in fine aggregate proportion from 0.44 (approach 1) to 0.5 
(approach 2) increased the maximum packing density from 0.77 to 0.79 as shown in 
Table 3.10. The sand-to-total aggregate ratio was 0.44 and 0.5 in approach 1 and 2 
respectively. Therefore, in this case, an increase in fine aggregate quantity plays an 
important role in achieving maximum packing density and reducing the paste volume 
to attain a required workability. The aggregate proportion from approach 2 i.e., 29% 
crushed limestone with NMS of 19 mm, 21% crushed limestone with NMS of 9.5 mm, 
50% sand was used.  












Approach 1 2689.5 2077.5 0.77 
Approach 2 2681.4 2109.0 0.79 
Figure 3.20 A typical density-cycles curve obtained from ICT. Result 
shown is for approach 1 
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The optimization of the aggregate proportions varies with the shape, size, and 
surface texture of the aggregates. More angular aggregates will require a larger portion 
of finer particles to fill the voids. Therefore, depending on the availability of aggregates, 
the aggregate proportions to achieve maximum packing density will change.   
3.5.2 Influence of Excess Paste Layer and SP Dosage on Fresh Properties 
of VFC.  The influence of four different paste layer thicknesses (40 μm, 30 μm, 25 μm, 
and 20μm) on the rheological properties of SFSCC, including dynamic properties, 
workability loss and thixotropy is shown in Table 3.11.  
Table 3.11 Rheological results for the concrete with different paste layer and 
SP dosage. 
Note that YS stands for the yield stress, ∆YS is the change in dynamic yield 
stress between the given time (in minute) flow curve measurements. The 
average static yield stress increase stands for the evolution of static yield 





































































A binary system of cement with 5% silica fume has been selected for the evaluation of 
the excess paste layer concept. Initially, for all mixtures, the SP-content was adjusted 
to achieve a slump flow of 500 ± 50 mm. The fresh properties of all mixtures are shown 
in Table 3.12.  
The first four rows in Table 3.11 show all results of different paste layer 
thicknesses and last two rows are mixtures (C-SF-30.1 and C-SF-25.1) with a constant 
SP dosage of 3.47 g/kg of binder. The results of the flow curve measurements i.e. 
dynamic yield stress, plastic viscosity, and change in dynamic yield stress (workability 
loss) were conducted at 15 min (1st) and at 70 ± 5 min (2nd), except for the C-SF-40 (at 
60 min) and the C-SF-30 mixture (at 80 min). The thixotropic build-up was evaluated 
by the average increase in static yield stress as shown in the fifth column of Table 3.11. 
From the results shown in Table 3.11 and Table 3.12 and Figure 3.21 to Figure 
3.24, it can be seen that a change in excess paste layer thickness significantly affects 
the rheological properties. Thixotropy decreases substantially with a decrease in excess 
paste layer. A similar trend has also been seen in the change in dynamic yield stress. 
The average increase in static yield stress and dynamic yield stress of the concrete 
mixture with 25 μm excess paste thickness (C-SF-25) is 66% less than the concrete 
mixture with 40 μm excess paste thickness (C-SF-40).However, the plastic viscosity 
increases with a decrease in paste layer thickness. This substantial change in dynamic 
flow properties and thixotropy can be explained by the amount of dispersant (SP) 
dosage. 
To achieve the desired flowability (slump flow of 500 mm), the SP dosage is 
increased from 3.47 to 5.15 g/kg of binder when decreasing the paste layer thickness 
from 40 to 25 μm. However, even with a large amount of SP, it was difficult to achieve 
the desired flowability in the 20 μm excess paste thickness mixture (C-SF-20). Thus,  
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due to lower flowability, it is obvious that all static yield stress values are higher 
compared to other mixtures. However, in the 1st measurement, it is notable that the 
average increase in static yield stress value in the 20 μm mixture is lower than the 40 
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μm mixture. It can be stated that an increase in SP dosage leads to a more flowable 
paste and can reduce the workability loss due to delays in the hydration reaction [89]. 
Figure 3.22 also gives a clear indication of the lower structure build up with a decrease 
in paste layer thickness. The effect of the SP seems very clear in the first measurement 
period (from 15 to 45 min), leading to a significant decrease in static yield stress or 
build up in structure. 
However, in the 40 μm excess paste thickness mixture, the static yield stress 
growth declines in the 2nd measurement compared (started at 60 min) to the 1st 
measurement. However, for the 30 μm excess paste thickness (C-SF-30) mixture, the 
second measurement was started at 80 min and significant workability loss has been 
observed compared to C-SF-40 and C-SF-25. The average increase in static yield stress 
accelerates in the C-SF-30, C-SF-25, and C-SF-20 mixtures, compared to the C-SF-40 
mixture, during the second measurement period.  
Figure 3.21 Increase in dynamic yield stress 
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Theoretically [89], [92], [93], with a decrease in excess paste layer thickness or 
increase in aggregate volume, an increase in dynamic yield stress, viscosity and 
thixotropy should be obtained. However, by increasing the SP content when decreasing 
the excess paste layer thickness, the rheological properties of the paste are modified 
(especially static and dynamic yield stress), countering the expected effect of increasing 
the aggregate contents. The 40 μm excess paste layer mixture delivers higher structural 
build up and lower workability loss. In order to understand influence of the SP quantity, 
the 30 μm and 25 μm excess paste layer thickness mixtures were repeated with a 
constant 3.47 g/kg of binder - SP dosage, which is the quantity of SP in the CF-S-40 
mixture. 
As expected, the flowability of the C-SF-30.1 and C-SF-25.1 mixtures 
decreases significantly and the rheological properties such as dynamic yield stress and 
average increase in static yield stress increase in both the mixtures. The dynamic yield 
stress increment is related to the change in slump flow. However, the average increase 
Figure 3.22 Average increase in static yield stress in 1st and 2nd 
measurement 
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in static yield stress of the C-SF-30.1 mixture is still less than that of the C-SF-40 
mixture. A significant workability loss is observed in both lower excess paste layer 
mixtures i.e. 6.26 and 8.52 Pa/min respectively, rendering both mixtures less favorable 
for prolonged transportation time. Moreover, the workability loss can also explain the 
static yield stress growth in 2nd measurement (after remixing) as shown in Figure 3.24. 
In both mixtures, C-SF-30.1 and C-SF-25.1, during the last static yield stress 
measurement i.e. at 105 min, the torque limit was reached in the ICAR rheometer and 
the test was terminated. Therefore, the last measurement data provided is based on the 
maximum torque value achieved by the rheometer. During the second measurement, a 
slump flow of 300 mm and a slump of 215 mm was recorded for the C-SF-30.1 mixture. 
For the C-SF-25.1 mixture, the slump test was discarded due to shear failure. This also 
signifies the failing in self-consolidating properties of both mixtures. Due to low 
consistency or slump flow, the second measurement data for flow curve was also 
difficult to analyze. Thus, data was discarded.  
In summary, the SP dosage has a significant role in maintaining the consistency 
of the mixture. With a decrease in paste layer thickness, the SP dosage to maintain a 
fluidity level increases. But, this increase in SP dosage has a contra productive effect 
on the thixotropy. Also, the loss of workability is higher and the self-consolidating 
properties of the mixtures are at risk. Thus, a mixture with an excellent stability and a 
proper balance between rheological properties and relatively low amount of SP is 
required. The mixture with 40 μm excess paste layer thickness shows the highest 
thixotropy, low viscosity, low workability loss and low SP dosage compared to other 
mixtures. Therefore, the 40 μm paste layer is selected for the next series of experiments 
on binary and ternary binder systems.  
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Figure 3.23 Static yield stress (SYS) growth for 1st measurement in interval 
1, 2, 3, and 4 represented as SYS-1. SYS-2, SYS-3, and SYS-4 
respectively. 
Figure 3.24 Static yield stress (SYS) growth for 2nd measurement in interval 
1, 2, 3, and 4 represented as SYS-1. SYS-2, SYS-3, and SYS-4 
respectively. 
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3.5.3 Influence of Binary and Ternary Binder Composition on Fresh 
Properties of VFC.  Based on the results from the cement paste study, binary mixtures 
with slag and attapulgite clay and a ternary mixture combining the slag and attapulgite 
clay were selected for the evaluation of flowability and rheological parameters. In this 
task, slag from two different sources and attapulgite clay were tested separately in 
binary systems i.e., SL-A, SL-B, and AC. SL-A and SL-B were tested at identical SP 
dosage used in the paste study to investigate the influence of the SP dosage on concrete 
scale. Due to excess flowability in the SL-B mixture, the SP dosage was reduced and a 
new mixture (SL-B-1) was prepared to achieve the desired flowability. The best 
performing slag was then further combined with the attapulgite clay (SL-B-AC). 
Moreover, slag obtained from the third source was only tested on a ternary system (SL-
C-AC).  
All rheological properties are shown in Table 3.13 and in Figure 3.25 and Figure 
3.26 The mixture with silica fume and with a 40 μm excess paste layer thickness (C-
SF-40) is included as reference for comparison. In all binary and ternary systems, the 
change in dynamic yield stress is substantially higher and the thixotropic growth is 
lower compared to the C-SF-40 reference mixture. The binary mixture with attapulgite 
clay shows the lowest workability loss and higher average increase in static yield stress, 
compared to the mixtures with slag. However, attapulgite clay consumes more than 
double the amount of SP compared to slag mixtures. Comparing the slag mixtures with 
an equal SP dosage, SL-A performs better in terms of static yield stress development, 
but shows higher workability loss compared to SL-B. However, with a reduction of the 
SP dosage for slag B, rheological parameters such as plastic viscosity, thixotropy, and 
workability loss are increased in SL-B-1 by more than 100% compared to SL-B. 
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In all, SL-B-1 shows significant workability loss but a moderate thixotropy 
build-up compared to SL-A, whereas attapulgite clay shows a significant increase in 
static yield stress growth development and low workability loss. Therefore, a binary 
system with attapulgite clay could be suitable for slip forming for extended 
transportation time. Slag mixtures consume less SP than mixtures with attapulgite clay. 
Thus, a combination of SL-B with attapulgite clay is further evaluated to investigate 
the rheological properties.  










































































As mentioned earlier, slag from a third source is also tested by means of a 
ternary system (SL-C-AC). From the results, a change in chemical compositions and 
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physical properties of different slag sources significantly affects the rheological 
properties. 
Figure 3.25 Increase in dynamic yield stress of binary and ternary 
systems. 
Figure 3.26 Average increase in static yield stress for binary and 
ternary systems. 
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The slump flow in SL-C- AC increases from 575 mm to 600 mm between1st and 2nd 
measurement. This also leads to a reduction in dynamic yield stress with time and low 
thixotropic build-up. This behavior can most likely be attributed to the large SP dosage. 
However, SL-B-AC mixture shows substantial growth in static yield stress, close to the 
reference mixture. Combining slag with attapulgite clay, in SL-B-AC, yields positive 
outcomes in both thixotropy build-up and workability loss compared to their binary 
slag mixtures. Therefore, SL-B-AC mixture could be a more economical and favorable 
option for extended transportation time. 
3.5.4 Green Strength Evolution and Static Yield Stress Growth.  Table 3.14 
and Figure 3.27 show the green strength results and the static yield stress values for a 
given time (from water-binder contact). SL-B-1 and C-SF-25.1 shows the earliest shape 
stability around 50 min. Other mixtures gain sufficient green strength after remixing of 
the sample and evaluating after 70 min. Mixtures such as C-SF-30.1, C-SF-25.1, and 
C-SF-20 achieve significant green strength in the 2nd measurement. This can be
attributed to higher workability loss and less flowability, potentially reducing the self-
consolidating characteristics of the mixtures. Mixtures such as SL-A and SL-B-1 
achieve good shape stability at low static yield stress compared to other mixtures.  
Roussel and Coussot [97] proposed a yield stress analysis based on the slump 
test for different flow regimes, based on dimensional criteria i.e., H>>R and H<<R. 
Using this principle on the green strength test method, H and R are final height and 
radius of the standing concrete. The following equation (3.14) was derived to measure 
the yield stress of a standing concrete pile: (H>>R):  




where, 𝜏𝜏𝑐𝑐= yield stress  
ρ = density of material g = gravitational constant 
H = initial height 
zc = slumped height  
Based on the above equation, the minimum yield stress required to achieve good shape 
stability or sufficient green strength can be estimated.  
In this case, zc = 0 as no deformation is permitted 
H = 200 mm or H can vary depending on thickness of the pavement.  
ρ = 2438 kg/m3 - the maximum density obtained from all mixtures  
Therefore, yield stress should be around 
τc = 2761.7 Pa.  
However, this is an estimation of the yield stress and is only valid when H>>R. In this 
case, the height to radius ratio (H/R) is 4. Therefore, based on this estimation, the static 
yield stress measurement can be related with flow regime yield stress analysis proposed 
by Roussel and Cousssot [97]. This estimation can be used to evaluate the suitable 
mixtures for different pavement thickness.   
The relationship between static yield stress and green strength shows some 
irregularity to form a conclusion (Figure 3.27). In above Figure 3.27 shows relationship 
between static yield stress obtained from ICAR (Y- axis) and addition of yield stress 
calculated using Roussel and Coussot [97] equation for a standing concrete pile and 
from green strength measurement (X- axis). This can be explained by the errors in the 
green strength test. 
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Table 3.14 Green strength and static yield stress data 
Figure 3.27 Green strength and static yield stress relationship 
Firstly, concrete is filled in two-layers and tapped from outside to remove 









4760.3 4774.3 90 
7335.6 7226.6 105 
C-SF-25.1
5223.2 7300.1 52 
4173.2 9164.3 82 
5824.0 9256.7 90 
7544.8 10957.3 105 
C-SF-20 5563.9 5636.0 107 
SL-A 2640.1 9423.7 98 
SL-B-1 
3989.8 3432.3 50 
4346.1 6965.9 105 
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two layers may have created discontinuity between two layers, causing shear failure in 
the mixture. Also, tapping the mold might have led to instability of the test setup. 
Secondly, sticky mixtures or insufficient smoothness of the mold’s surface lead to 
difficult demolding of the samples, causing movement of the shape stable fresh concrete 
and failure of sample. Therefore, a test procedure providing a better casting and 
demolding process is required to ease the measurement of the green strength of 
concrete. It can be seen that either data points follow the relationship or static yield 
stress measurement from ICAR is lower than the green strength measurement result. 
So, error could also be happened due to static yield stress measured by ICAR.  
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4. KEY HARDENED PROPERTIES OF VIBRATION-FREE CONCRETE
It is important to study the effect of SCMs, mineral and chemical admixtures on
the hardened properties to evaluate the feasibility of the SFCC mixtures concerning 
durability and sustainability of slip form paving construction. 
4.1 INFLUENCE OF CONSTITUENT ELEMENTS ON THE HARDENED 
PROPERTIES OF SLIP-FORMING SCC (SFSCC) 
The following sub-sections discuss how SCMs, mineral and chemical 
admixtures affect the hardened properties of the slip form self-consolidating concrete.  
4.1.1 Effect of Supplementary Cementitious Materials (SCMs).  The effect 
of high replacement rates of cement by fly ash and silica fume on mechanical properties 
has been studied by several researchers [68], [98], [99]. Results illustrate that the 
application of high amounts of FA combined with 10% SF replacement improve the 
mechanical properties, freeze-thaw and chloride penetration resistance [98]. Higher 
amounts of fly ash also resulted in a reduction of shrinkage [68]. The total shrinkage of 
the specimen can be reduced by using fly ash and slag whereas drying shrinkage 
increased when using silica fume in binary blended mixtures [100]. Celik et al. [101] 
investigated the mechanical properties and durability of SCC containing higher 
proportions of fly ash (up to 50%) and limestone powder (up to 25%). The study stated 
that the incorporation of fly ash or fly ash with limestone powder resulted in an increase 
in resistance to chloride penetration compared to mixtures with pure cement and other 
control mixtures i.e., mixtures blended with 15% and 25% limestone powder. Their 
results also indicated that the presence of the limestone powder reduces void and pore 
formation and the hydration of fly ash, resulting in a pore size reduction explaining the 
increased chloride penetration resistance. Binary mixtures blended with 30% and 50% 
fly ash showed lower water absorption compared to control mixtures and ternary 
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mixtures blended with limestone powder and fly ash. However, for ternary mixtures, 
increasing the limestone and fly ash content resulted in higher water absorption in 
mixtures [101]. 
4.1.2 Effect of Clay Minerals.  Metakaolin (MK) replacement can enhance the 
compressive strength [70], [102], freeze-thaw resistance value [70], [102] and reduced 
chloride penetration [70] and drying shrinkage [70]. Bumanis et al. [73] indicated that 
concrete with 15 % MK replacement resisted more than 500 freeze-thaw cycles, 
chloride penetration was decreased more than 3.7 times compared to the reference 
mixture and compressive strength of 70 MPa (28 days) was achieved. Garg and Wang 
[71] investigated the performance of different clay minerals on fly ash-modified
mortars. Their results indicated that replacement of up to 15% MK led to an increase in 
compressive strength. However, other clay minerals such as Kaolin enhanced the 
compressive strength only by 5-10% and attapulgite clay showed minimal effect on 
strength [71]. It has also been found that all clay minerals led to higher rate of heat 
generation i.e. acceleration of hydration process and reduction in setting time due to its 
finer size and filler effect [71]. The field investigation conducted by Iowa state 
University and Northwestern University also stated that SFSCC with attapulgite clay 
resulted in similar compressive strength compared to conventional concrete mixtures 
for pavements [10]. Also, SFSCC with attapulgite clay displayed less deterioration in 
freeze-thaw durability and scaling compared to other concrete mixtures. The results 
presented that all SFSCC mixtures were more freeze-thaw durable compared to 
conventional concrete pavement mixtures. Furthermore, an addition of up to 1% of 
nano-limestone increased the compressive strength but this decreased with further 
increasing dosage [70]. A compressive strength of more than 40 MPa was achieved in 
[70].  
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Wang et al. [70] reported that the incorporation of nano-limestone (1%) in 
SFSCC mixtures led to an increase in compressive strength and freezing-thawing 
resistance while drying shrinkage and chloride penetration decreased. Clay minerals 
used in fly ash-modified concrete mixtures for slip form paving [103] indicated that 
low dosages (up to 2%) of clay showed similar shrinkage and cracking behavior as 
conventional slip form concrete. The addition of attapulgite clay and kaolin led to an 
increase in drying shrinkage, whereas metakaolin reduced it. Also, the incorporation of 
attapulgite clay and metakaolin displayed cracking at earlier age in SCC with fly ash. 
However, for other hardened properties, such as compressive strength and splitting 
tensile strength all SFSCC exhibited comparable performance to conventional concrete 
[104]. The small difference was found between the compressive strength values of 
loosely filled (non-vibrated) and vibrated cylinders cast from the same mixture as 
evaluated by Pekmezci et al. [9] and Armaghani et al. [69].  
4.1.3 Effect of Chemical Admixtures.  The addition of shrinkage reducing 
admixture (SRA) or super-adsorbent polymers (SAP) can result in a decrease in 
compressive strength [75], [105]. Han et al. [75] also concluded that SAP is beneficial 
for the reduction of autogenous shrinkage at later ages while SRA performed better than 
SAP for drying shrinkage reduction. Wang et al. [105] stated that to control the loss in 
compressive strength, it is necessary to control the dosage of SAP and its entrained 
water content. The use of SRA can result in a significant decrease of drying shrinkage 
of SCC by reducing surface tension [106], [107], [108]. As both SRA and VMA 
increase the viscosity of the pore fluid [109], they may help reducing evaporation and 
change the rate of drying shrinkage. However, no impact was found in drying shrinkage 
of high strength SCC containing VMA [110].  
105 
The effect of SRA was investigated in the field study of SFSCC for slip form 
pavement [10]. The results indicated that low dosages (2.5 1/m3) of SRA decreased the 
shrinkage property effectively whereas a higher dosage (7.5 1/m3) not only decreased 
the amount of drying shrinkage but also diminished the cracking phenomena in the 
pavement. Heikal et al. [111] investigated the influence of PCE superplasticizer on 
compressive strength of cement paste containing silica fume. The authors indicated that 
compressive strength of ordinary Portland cement (OPC) paste was higher than OPC 
containing silica fume in absence of superplasticizer, however between 0.75-1.5 wt % 
PCE the compressive strength of OPC with silica fume was higher than OPC.  
4.2 TESTING METHODS 
In this section testing method of key hardened properties of VFC such as 
compressive strength and split tensile strength are discussed. 
4.2.1 Compressive Strength Test.  For each mixture, nine specimens were 
produced to test compressive strength according to ASTM C31-15 [118]. The 
specimens were cast in two layers and rodded 5 times each layer. After casting, the 
cylinders were covered with a plastic sheet to avoid moisture loss and demolded after 
24 hours. All specimens were cured under water for 1, 7, and 28 days. The testing of 
cylinders was conducted according to ASTM C39-C39M-11a [119] on a Tinius-forney 
machine.  
4.2.2 Split Tensile Strength Test.  Three specimens were produced and cured 
similar to the compressive strength specimens. All specimens were tested at 28 days 
according to ASTM C496-11 [120] on a Tinius-forney machine.  
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4.3 RESULTS AND DISCUSSION 
Table 4.1 represents compressive strength of all concrete mixtures. Severe 
surface defects were observed in the C-SF-40 mixture and only three specimens were 
tested for the compressive strength at 28 days. It can be seen that compressive strength 
decreases on increasing the paste layer thickness from 25 μm to 40 μm.  Slag – B shows 
higher compressive strength compared to slag – A.  








C-SF-40 - - 55.1 
C-SF-30 38.0 52.3 57.5 
C-SF-25 34.8 49.5 62.7 
C-SF-20 - 43.5 55.4 
C-SF-25.1 35.5 46.6 55.8 
C-SF-30.1 38.4 47.3 58.0 
SL-A 26.2 40.5 44.1 
SL-B 28.0 38.4 44.9 
SL-B-1 27.2 39.9 47.4 
AC 37.0 44.6 48.1 
SL-B-AC 31.7 53.2 54.4 
SL-C-AC Samples were discarded due to poor workability 
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Addition of attapulgite clay leads to an increase in compressive strength (AC and SL-
B-AC) compared to mixtures with slag (SL-A, SL-B, SL-B-1). The incorporation of 
attapulgite clay also shows higher one-day strength. However, all binary and ternary 
mixtures incorporating slag and attapulgite clay shows lower compressive strength than 
C-SF-40 mixture. Table 4.2 represents split tensile strength of all mixtures at 28 days.

















Due to severe surface defects in the C-SF-40 and SL-B mixtures, the specimens 
were discarded. The split tensile strength shows negligible change on increasing paste 
layer thickness from 20 μm to 30 μm. It can be seen that the incorporation of attapulgite 
clay shows a reduction in split tensile strength in mixtures AC and SL-B-AC.  
 
4.4 FUTURE TESTING RECOMMENDATION 
To investigate the suitability of VFC mixtures for slip form paving, it is also 
important to test mixtures for mechanical and durability tests. Due to the low air content 
in the mixture the concrete may susceptible to freeze-thaw or scaling issues, although 
the low w/b ratio is beneficial to resist freezing and thawing. The application of air-
entrainment should be investigated in future. Other important mechanical properties, 
such as drying and autogenous shrinkage, can also be improved with the application of 
shrinkage reducing admixtures. The shrinkage increases with increasing paste volume 
(and thus excess paste layer thickness), making the requirement of fresh properties 
challenges for the hardened properties. Thus, application of shrinkage reducing 
admixture should be studied to control drying and autogenous shrinkage. Durability 
tests such as sorptivity and air void analysis should be carried out on best performing 
mixtures. Cores should be taken from a field implementation study to perform non-
destructive tests for the investigation of the air void system and the aggregate 
distribution through the depth of the pavement. Lastly, samples should be tested at early 
age (1 and 7 day) and long-term age (28, 56 day) for compressive and split tensile 





5. CONCLUSION AND FUTURE RECOMMENDATIONS 
In this research, flowability, workability loss, thixotropic development and 
green strength of vibration-free concrete (VFC) was evaluated for the application of 
slip-form paving construction. The research task was mainly divided into two parts. 
Firstly, the paste component of VFC was determined by evaluating different types of 
superplasticizer, supplementary-cementitious materials (SCM), and mineral fillers. In 
this task, the dynamic rheological properties and thixotropic development of pastes was 
investigated. Secondly, the excess paste layer concept was implemented and different 
paste layer thicknesses were examined. Further in the concrete task, the best performing 
paste layer thickness was evaluated on binary and ternary systems with slags and 
attapulgite clay.  
 
5.1 CONCLUSION 
Based on the results obtained, the following conclusions can be drawn: 
1. The structural build-up method provides a good understanding to assess the 
thixotropy development of paste. A static yield stress measurement directly after the 
flow curve (Instant build-up) is an effective measurement to assess the immediate build-
up of internal structure in paste. 
2. Parameters such as instant build-up, increase in static yield stress in each interval and 
average increase in static yield stress with time are important in the assessment of 
thixotropy. 
3. The selected polycarboxylate ether (PCE) based superplasticizer (SP) shows higher 
thixotropic development and lower workability loss compared to the evaluated 
polynaftalene sulfonate (PNS) based superplasticizer. 
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4. It has been found that the demand of SP increased in pastes incorporating
nanoparticles compared to micro-sized additive materials. 
5. A ternary mixture with silica fume 5% and attapulgite clay 0.5% and a quaternary
mixture with the selected slag 25%, silica fume 5% and attapulgite clay 0.5% 
significantly increases the demand of SP which causes a reduction in thixotropy 
development. 
6. From the paste study, a ternary mixture with the evaluated cement, 25% slag and 5%
silica fume yield high thixotropy development but also high workability loss, 
potentially suitable for onsite production of SCC for slip form paving application. 
7. The gyratory intensive compaction testing machine is an effective tool for measuring
the maximum packing density of aggregates. 
8. When decreasing the paste layer thickness, the initial yield stress and thixotropy
development decrease significantly due to increase in SP demand, when keeping the 
initial slump flow constant. 
9. When keeping the SP quantity constant relative to the amount of cement, the
viscosity, initial yield stress and thixotropic build-up generally increase with decreasing 
excess paste layer thickness. 
10. An excess paste layer of 40 μm is selected due to its higher structural build-up rate
and lower workability loss compared to mixtures with lower excess paste layer 
thickness. However, when keeping the SP dosage per kg of binder constant, the self-
consolidating characteristics are compromised due to the low flowability. 
11. A mixture with attapulgite clay (AC) shows consistent thixotropy development in
the early and the extended time due to low workability loss. 
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12. A significant workability loss in binary mixtures with slag-B can be controlled by
the application of attapulgite clay. A ternary mixture with slag-B and attapulgite shows 
high structural build up rate in the early and the more extended time period. 
13. A binary mixture with attapulgite clay and a ternary mixture with slag-B and
attapulgite clay could be good options for slip form paving application to investigate in 
future. 
14. A better casting and demolding process is required to improve the green strength
test, as results do not correlate well with the static yield stress development. 
5.2 FUTURE RECOMMENDATIONS 
1. Low-range and mid-range water reducers may be investigated on mixtures with
different excess paste layer thickness to prevent loss in thixotropic buildup. 
2. For VFC mixtures suitable for slip form pavement construction, SCMs and mineral
admixtures should be re-investigated by reducing slump flow criteria to 450 mm. 
3. More fine-inert material should be implemented in mixtures to reduce workability
loss and to achieve better flowability and thixotropy. 
4. Evaluation of correlation between static yield stress value and green strength is
needed. 
5. Green strength measurement need to be conducted on different molds with height
varying from 75 mm to 200 mm. This can give better understanding of suitability of a 
particular mixture for a different pavement thickness. The correlation between the static 
yield stress and green strength measurement on different height molds can be evaluated. 
APPENDIX 
In this section, the mix design of the 40 μm excess paste layer mixture (C-SF-
40) is explained.
1. Calculation of coarse and fine aggregate content
Based on the results obtained from ICT, following coarse and fine aggregate 
volume fractions and masses, ensuring high maximum packing density were selected.  




(𝜌𝜌) Vol. fraction Mass/m3 (Wagg) Vol./m3 
CA1 (19.0 mm) 2740 28.38% 598.5 0.22 
CA2 (9.5 mm) 2780 20.25% 427.1 0.15 
Fine Aggregate 
(FA) 
2610 51.37% 1083.4 0.42 
Therefore, total volume fraction of aggregate = 0.22 + 0.15 + 0.42 
= 0.79 
Paste volume fraction to fill voids between the aggregates (Vv) = 1 – 0.79 
= 0.21 
2. Calculation of total paste volume
From the aggregate gradation data, the surface area of aggregate was calculated 
for 19.0 mm, 9.5 mm, and fine aggregate. Particles finer than 75 μm are excluded from 
the gradation data and added into paste volume calculation. Aggregates are assumed to 
be spherical in shape. 
Here, a sample calculation of 19.0 mm is shown below in Figure I: 
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Figure I. Sample calculation of 19.0 mm aggregate surface area 
Sample calculation for No. 100 sieve is as follows: 
1) Mass passing between two subsequent sieves, (kg)
 = (% Passing between two subsequent sieves ∗ 𝑊𝑊𝑚𝑚𝑎𝑎𝑎𝑎 100)⁄  
 = (0.29*598.5)/100 = 1.74 kg 
2) Vol. passing between two subsequent sieves
=  (Mass passing between two subsequent sieves / ρagg)
= (1.74 / 2740) = 6.33E-04 m3 
3) Avg. diameter (D)
= Avg. of two subsequent sieve size 
= (No. 200 + No. 100)/2 
= (7.40E-05 + 1.49E-04)/2 
= 1.12E-04 m 
4) Particle volume
= 4*𝜋𝜋*(0.5*D)3/ 3 
= 4* 𝜋𝜋 *(0.5*1.12E-04)3 / 3 
= 7.26E-13 m3 
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5) Number of particles (N)
= (Vol. passing between two subsequent sieves)/ particle volume 
= (6.33E-04)/(7.26E-13) 
= 8.73E+08 
6) Surface area (A)
= 4* 𝜋𝜋 *(0.5*D)2 * N 
= 4* 𝜋𝜋 *(0.5*1.12E-04)2 * 8.73E+08 
= 34.09 m2 
Therefore, total surface area of 19.0 mm aggregate = 148.80 m2
Similarly, total surface area of 9.5 mm aggregate = 138.71 m2 
total surface area of fine aggregate = 4313.31 m2 
For a 40 μm paste layer thickness,  
Vpt = ((SACA1+SACA2+SAFA) * t) + Vv + Vfa 
Where, 
Vpt = total paste volume 
SACA1 = 19.0 mm coarse aggregate surface area  
SACA2 = 9.5 mm coarse aggregate surface area 
SAFA = fine aggregate surface area 
t = paste layer thickness 
Vv = paste volume to fill voids between the aggregate  
Vfa = aggregate particles finer than 75 μm in 19.0 mm, 9.5 mm, and fine aggregate 
Therefore, 
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Vpt = ((148.8 + 138.71 + 4313.31) * 4.00E-05)) + 0.21 + 2.88E-04 + 2.98E-04 + 
8.58E-04 
     = 0.184 + 0.21 + 2.88E-04 + 2.98E-04 + 8.58E-04 
     = 0.398 m3
3. Calculation of paste component
Density of materials and specific gravity of aggregates are shown in Table  below 





Water (21 °C) 
(𝛾𝛾𝑤𝑤) 
0.99802 









CA2 (9.5 mm) (𝛾𝛾𝐶𝐶𝐶𝐶2) 2.78 
Fine aggregate (𝛾𝛾𝐹𝐹𝐶𝐶) 2.61 
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Water 194.62 0.19500 0.193305 192.92 
Cement 531.68 0.16806 0.166602 527.04 
Silica fume 27.98 0.01171 0.011617 27.74 
19.0 mm 0.79 0.00028 0.000286 0.78 
9.5 mm 0.83 0.00029 0.000295 0.82 
Fine agg. 2.24 0.00085 0.000851 2.22 
SP Water 
(Wspw ) 
1.26 0.00126 0.001255 1.25 
SP Solid 
(Wsps) 
0.69 0.00062 0.000620 0.68 
Air 0.02368 0.023474 
TOTAL 0.402 0.398 
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• w/b ratio = 0.35
• Air (%)/m3 = 2%
To proportionate air % with excess paste volume
= (1+ paste volume to coat aggregate) * 2 % = (1+ 0.184) * 2 = 2.37%
• Superplasticizer with 35.2% solid content and dosage of 3.47 g/kg of binder
materials is employed.
Results of paste component are shown in Table  below. First two columns show 
obtained mass and volume of constituent materials. Then obtained volume and mass 
are proportioned back to the total volume of 0.398 m3.  











� ∗ (1− % 𝑏𝑏𝑚𝑚𝑚𝑚𝑑𝑑𝑝𝑝𝑏𝑏 𝑏𝑏𝑝𝑝𝑝𝑝𝑟𝑟𝑚𝑚𝑐𝑐𝑝𝑝𝑚𝑚𝑝𝑝𝑚𝑚𝑟𝑟
100
) 
Vaf = Vol. fraction of aggregate ∗ weight of finer particle in aggregates 
Vol. fraction of aggregate is obtained from Table I and weight of finer particles (< 75 
μm) in aggregate is obtained from gradation data. 
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1000















� ∗ (𝑆𝑆𝑆𝑆 𝑑𝑑𝑜𝑜𝑠𝑠𝑚𝑚𝑎𝑎𝑝𝑝
1000
)� (% 𝑠𝑠𝑜𝑜𝑟𝑟𝑚𝑚𝑑𝑑 𝑚𝑚𝑚𝑚 𝑆𝑆𝑆𝑆
100
) 
• Calculation of water content = �Mass of binder materials ∗ 𝑤𝑤
𝑏𝑏
� −  Wspw 
• Calculation of finer particles in all aggregate:
For example, in CA1 aggregate (WFCA1) = Vaf of CA1 * 𝛾𝛾𝐶𝐶𝐶𝐶1 ∗ 1000 
Due to finer particles in aggregate and SP quantity total volume of paste is 0.402 
m3 which is slightly higher than calculated total paste volume (Vpt) = 0.398 m3. So, 
volume of all materials is proportioned back to 0.398 m3 as shown in column 3 of Table 
by multiplying the calculated total paste volume and divided by obtained total paste 
volume i.e., (0.398/0.402). Then, the mass of all materials is calculated by multiplying 
density of materials or specific gravity of aggregates as given in Table II. 
4. Adjustment of total volume of concrete including excess paste layer to 1 m3
Table IV below represents mix proportion of C-SF-40 mixture. First column 
shows obtained mass of paste component and aggregate from Table III and Table I. 
Second column shows volume of constituent materials and total volume of concrete 
including excess paste volume. The volume of constituent materials is calculated by 
multiplying density of materials or specific gravity of aggregates. Third and fourth 
column shows obtained volume and mass of constituent materials respectively 
proportioned back to 1 m3 as explained in step 3.  
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Water 192.92 0.19 0.17 166.506 
Cement 527.04 0.17 0.14 454.880 
Silica fume 27.74 0.01 0.01 23.941 
SP 1.93 0.00 0.00 1.668 
Air 0.02 0.02 
3/4 agg 598.53 0.22 0.19 516.580 
3/8 Agg 427.07 0.15 0.13 368.596 
Fine Agg 1083.39 0.39 0.34 877.871 
Total 1.16 1.00 
5. Adjustment of moisture content in mix design
Finally, according to absorption and total moisture content in aggregates the actual 
amount of water for mixing and aggregate is adjusted.    
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